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which  are  attached  to  the  sets  of  apparatus  at  the  Oity 
and  Guilds  of  London  Central  Institution. 

The  subjects  of  magnetism,  electro-magnetism,  dy- 
namo machines,  electromotors,  self-induction,  &a,  are  but 
very  briefly  referred  to,  because  the  experimental  treat- 
ment of  these  subjects,  which  forms  my  course  for 
second-year  students,  will  be  found  in  a  subsequent  book 
on  *^  Practical  Magnetism." 

One  of  the  great  difficulties  experienced  by  people  in 
mastering  the  quantitative  science  of  electricity,  arises 
from  the  fact  that  we  do  not  number  an  electrical  sense 
among  our  other  senses,  and  hence  we  have  no  intuitive 
perception  of  electrical  phenomena.  During  childhood 
we  did  not  have  years  of  unconscious  experimenting 
with  electrical  forces  as  we  had  with  the  forces  connected 
with  the  sensations  of  heaviness  and  lightness,  loudness 
and  softness,  heat  and  cold.  Beyond  a  shock  or  two 
taken  perhaps  from  some  medical  gadvanic  apparatus,  or 
from  a  Leyden  jar,  our  senses  have  never  been  affected 
by  electrioal  action,  and  hence  wo  ought  to  begin  the 
study  of  electricity  as  a  child  begins  its  early  education. 
Quite  an  infiuat  has  distinct  ideas  about  hot  and  cold, 
altliough  it  may  not  be  able  to  put  its  ideas  into  words, 
and  yet  many  a  student  of  electricity  of  mature  years 
has  but  the  haziest  notions  of  the  exact  meaning  of  high 
and  low  potential,  the  electrical  analogues  of  hot  and 
cold.  That  it  is  desirable  that  students  should  learn 
physics,  as  they  learn  to  ride  the  bicycle^  by  experiment- 
ing themselves,  is  now  generally  admitted,  and  this  is 
especially  true  in  the  case  of  electricity,  since  it  is  by 
experimenting,  and  only  by  experimenting,  that  a  student 
can  obtain  such  a  real  grasp  of  electricity  that  its  laws 
become,  so  to  say,  a  part  of  his  nature. 

Hence,  in  the  courses  of  electricity  which  I  arranged 
at  the  City  and  Guilds  of  London  Technical  Gollege, 
Finsbury,  and  at  their  Central  Institution,  for  every 
hour  that  a  student  spends  at  lecture,  he  spends  several 
in  the  laboratory. 
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Headers  who  have  heen  accustomed  only  to  the  ordi- 
nary books,  commencing  with  certain  chapters  on  statical 
electricity,  continuing  with  one  or  more  on  magnetism, 
and  ending  with  some  on  current  electricity,  will  be 
surprised  at  the  arrrangement  of  the  subjects  in  this 
book,  and  will  probably  be  astonished  at  what  they  will 
condemn,  at  the  first  reading,  as  a  total  want  of  order. 
But  so  far  from  the  various  subjects  having  been  thrown 
together  hap-hazard,  the  order  in  which  they  have  been 
arranged  has  been  a  matter  of  the  most  careful  considerar 
tion,  and  has  been  arrived  at  by  following  what  appears 
to  me  to  be  the  natural  as  distinguished  from  the  scho- 
Uutic  method  of  studying  electricity.  I  have  endeavoured 
to  treat  the  subject  analyticaUy  rather  than  it/ntheiically, 
because  that  race  of  successful  experimental  philosophers 
—children — adopt  this  method. 

For  example,  it  is  not  by  studying  geometrical  optics, 
much  less  physical  optics,  that  an  infant  graduaUy  learns 
to  appreciate  the  distance  of  objects ;  and  later  on  it  is 
not  by  studying  a  treatise  on  struts,  nor  by  listening  to 
a  course  of  lectures  on  structures,  that  the  child  finds 
out  that  the  table  has  legs,  hard  legs,  round  leg&  Feeling, 
looking,  trying,  in  fact  a  simple  course  of  experimental 
investigation,  gives  a  child  its  knowledge ;  and  this,  there- 
fore, I  venture  to  think,  is  the  method  we  should  adopt 
when  commencing  the  study  of  electricity. 

The  subject  of  current  is  treated  first,  because  in 
almost  all  the  industries  in  which  electricity  is  practi- 
cally made  use  of,*  it  is  the  electric  current  that  is 
employed ;  secondly,  because  currents  can  be  compared 
with  one  another,  and  the  unit  of  current  (the  ampere) 
defined,  without  any  knowledge  of  potential  difference 
or  resistance.  Potential  difference  is  next  considered, 
and  resistance  the  last  of  the  three,  because  the  very 
idea  of  resistance  implies  a  previous  acquaintance  with 
the  ideas  of  current  and  potential  difference,  since  the 
resistance  of  a  conductor  is  the  name  given  to  the  ratio 
of  the  potential  difference  (measured  eleci/roataiicaUy)  at 
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its  iorininalB  fco  the  current  passing  throagb  it.  And  it 
was  Ohm's  experimental  proof  that  this  ratio  "waa  con- 
stant for  a  given  conductor  at  a  constant  temperature^ 
that  led  to  resistance  gradually  coming  to  be  considered 
as  a  fixed  definite  property  of  a  given  conductor  like  its 
weight  or  length.* 

The  legal  unit  of  potential  difference,  however,  the 
volt,  cannot  be  defined  until  the  unit  of  resistance,  the 
ohro,   has  been  considered,  arising  from  the   fact  that, 
whereas  Ohm's  law,  as  stated  by  himself,  furnished  us 
with  the  meaning  of  an  electrical  resistance,  and  with 
the  meaning   of    one   resistance   being  so   many    times 
another,  the  Paris  Electrical  Congress  started  in  their 
definitions  with  the  definition  of  the  unit  of  resistance, 
and  used  Ohm's  law  to  give  us  the  definition  of  a  volt, 
and  the  meaning  of   one   potential  dififerenoe  being  so 
many  times  another.     This  rather  complicates  the  logical 
sequence  in  the  mind  of  a  beginner,  and,  to  avoid  the 
difficulty  to  a  certain  extent,  I  have,  in  §  44,  page  89, 
taken   a    provisional  electrostatic  definition  of   a   volt, 
almost  identical  in  value  with  the  legal  one,  and  super- 
seded it  by  the  legal  one  in  §  81,  page  141. 

That  a  battery  has  a  fixed  £.  M.  R,  has  been  deve- 
loped from  the  laws  of  energy,  and  therefore,  while 
potential  difference  is  treated  before  resistance,  E.  M.  F. 
is  treated  after. 

The  principles  underlying  the  action  of  the  electro- 
phoruSy  and  accumulating  influence  machines,  such  as 
TJiomson's  replenisher,  and  the  Wimshurst  machine,  are 
conaidered  late  in  the  book,  since  the  student  can  far 
better  understand  the  electrical  action  of  these  machines 
when  he  has  acquired  clear  ideas  regarding  capacity  and 
condensers. 

In  the  tables,  and  generally  throughout  the  book, 
the  legal  units  recommended  by  the  Electrical  Congress 
of  1S83  have  alone  been  employed,  since,  although  the 

*  The  apparatus  for  proving  this  law  experimentally,  is  described 
and  illustrated  on  pages  134 — 126* 
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legal  ohm  ia  pOBsibly  0-19  per  cent,  smaller  than  the  true 
ohm,  it  is  very  much  nearer  than  the  B.  A.  unit,  which  Lb 
about  1*2  per  cent  too  small.  Several  examples,  how- 
ever, have  been  introduced  to  illustrate  the  mode  of 
converting  results  obtained  by  usiog  the  old  units  into 
the  numbers  which  would  have  been  obtained  had  the 
legal  units  been  employed.  The  convenience  of  having 
specific  resistances,  &c.,  expressed  in  legal  ohms,  and  the 
£.  M.  Fs.  of  important  cells  in  legal  volts,  &c.,  will  be 
apparent  when  I  quote  the  i*esolutions  passed  last  month 
at  the  meeting  of  the  British  Association  at  Birmingham, 
and  which  are  given  immediately  after  this  Preface. 

In  working  out  the  examples,  Mr.  Bottom  ley's  very 
useful  book  of  logarithms  has  been  used ;  the  answers, 
therefore,  only  contain  four  significant  iigui*es,  the  last 
of  which  is  only  approximately  correct. 

The  expression  diffei'ence  of  potentials,  or  even 
potential  difference,  is  a  cumbersome  one.  The  use  of 
the  capital  letters  P.  B.  as  an  abbreviation  for  potential 
difference,  employed  in  the  latter  half  of  this  book, 
corresponding  with  the  use  of  the  letters  K  M.  F.  for 
electromotive  force,  may,  I  hope,  find  favour  with  the 
Committee  on  Electrical  Nomenclature.  1  have  also, 
throughout  the  book,  used  capital  letters  to  stand  for 
currents,  and  small  letters  for  resistances,  as  this  dis- 
tinction enables  the  equations  and  formulae  to  be  much 
more  easily  understood. 

For  the  use  of  two  or  three  of  the  figures  I  am 
indebted  to  the  kindness  of  Mr.  Cunynghame,  Mr.  Gray, 
and  the  Editors  of  the  Electrician  and  Electrical  Review, 
With  these  exceptions,  the  illustrations  are  representa- 
tions of  the  apparatus  that  has  been  devised  by  Mr. 
Mather  and  myself  for  the  first  year's  students  at  the 
Finsbury  Technical  College  and  the  Central  Institution, 
at  both  of  which  colleges  it  is  in  daily  use.  Hence,  by 
far  the  greater  number  of  the  figures  have  been  drawn 
for  this  book,  and  are  not  time-honoured  representations 
of  historical  apparatus. 
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It  will  be  observed  that  the  apparatus  required  for 
each  experiment  ik  mounted  complete  on  a  board.  This  is 
to  enable  it  to  be  easily  carried  backwards  and  forwards 
between  the  laboratory  '  and  the  lecture-room  without 
disari*anging  it.  At  first  sight  it  might  appear  that  the 
student  finding  each  set  of  apparatus  joined  up  quite 
complete,  witih  current  laid  on  all  ready  for  the  canying 
out  of  the  experiment,  would  prevent  his  learning  to 
adopt  expedients  for  overcoming  experimental  difficul- 
ties, and  would  retard  his  acquiring  habits  of  originality. 
For  first  year's  students,  however,  I  have  found  it  a  good 
plan  to  have  each  set  of  apparatus  complete  in  position  ; 
firstly,  because  it  is  only  with  some  such  arrangement 
that  fifty  or  more  students  can  commence  work  almost 
simultaneously,  and  in  the  course  of  two  or  three  hours 
have  all  performed  some  quantitative  experiment; 
secondly,  because  when  the  apparatus  is  so  arranged  that 
even  beginners  can  perform  several  expeiiments  success- 
fully, they  are  less  discouraged  with  the  difficulties  they 
subsequently  meet  with  when  selecting  and  arranging  the 
apparatus  for  conducting  some  investigation,  as  they  have 
acquired  faith  in  the  possibility  of  succesa  , 

Here  and  there  the  apparatus  is  referred  to  as  having 
been  devised  by  the  author.  In  all  such  cases  the  word 
author  is  to  be  taken  in  the  plural  sense,  as  my  long 
association  with  Professor  Perry,  and  the  interchange  of 
ideas  that  has  taken  place  between  us  for  the  last  eleven 
years,  render  it  quite  impossible  to  distinguish  to  which 
of  us  the  apparatus  is  due. 

My  cordial  thanks  are  due  to  two  of  my  assistants, 
Mr.  Mather  and  Mr.  Raine,  for  correcting  the  proofs,  and 
making  many  valuable  suggestions.  I  am  also  especially 
indebted  to  the  former  for  the  very  earnest,  thoughtful,  and 
painstaking  way  in  which  he  has  for  some  years  assisted 
me  in  developing  the  course  of  instruction  for  students  of 
electrical  technology,  of  which  the  present  book  represents 
the  elemenliuy  jwrtion.  ^    ^  AYRTON. 

(ktober,  1886. 
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BRITISH  ASSOCIATION  FOR  THE   ADVANCE- 

MENT  OF  SCIENCE 

September,  1886. 

Sib, — At  the  Binningham  meeting  of  the  British 
Association,  a  meeting  of  the  Committee  on  Electrical 
Standards  was  held,  and  on  the  motion  of  Sir  Wm. 
Thomson,  F.R.S.,  seconded  by  Prof.  W.  G.  Adams, 
F.R.S.,  it  was  agreed  that  the  Committee  should  recom- 
mend the  British  Government : — 

(1)  To  adopt  for  a  term  of  ten  years  the  Legal  Ohm 
of  the  Paris  Congress  as  a  legalised  standard  sufficiently 
near  to  the  absolute  Ohm  for  commercial  purposes. ' 

(2)  That  at  the  end  of  the  ten  years'  period  the  Legal 
Ohm  should  be  defined  to  a  closer  approximation  to  the 
absolute  Ohm. 

(3)  That  the  resolutions  of  the  Paris  Congress  with  i 
respect  to  the  Ampere,  the  Volt,  the  Coulomb,  and  the 
Farad  be  adopted.  j 

(4)  That  the  Resistance  Standards  belonging  to  the 
Committee  of  the  British  Association  on  Electrical 
Standards  now  deposited  at  the  Cavendish  Laboratory  at 
Cambridge  be  accepted  as  the  English  Legal  Standards 
conformable  to  the  adopted  definition  of  the  Paris  Con-  | 
gress.  ^ 

I  remain. 

Your  obedient  servant, 

R.  T.  GLAZEBROOK, 

Secretary  Electrical  Standards  Committee. 

Cavendish  Laboratobt, 
Cambbidok. 
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merely  to  make  the  con -conducting  distilled  water  more 
conducting  in  order  that  it  may  become  possible  to  send 
a  strong  current  through  the  mixture  with  ordinary  bat- 
teries ;  or  it  may  be  that  it  is  the 
sulphuric  acid  that  is  decomposed 
by  the  current,  and  that  the  wat«r 
is    decomposed    by   a    Eecondary 
chemical   action.      In  the   latter 
case  the  action  would  be  repre- 
sented  in   chemical    symbols    as 
follows : 

Glectrical  decomposition 

Subsequent  chemical  action 

HjO  +  SO,=  HjSO^  +  0. 
Whichever  may  be  the  true  ex" 
planation,  theeSect  of  the  "electro" 
lysU"  ot  dilute  sulphuric  acid  is 
that  two  Tolumes  of  hydrogen 
come  off  at  one  platinum  plate 
and  one  volume  of  oxygen  at  the 
other,  and  the  current  is  said  to 
travel  through  the  liquid  towards 
the  plate  at  which  the  hydrogen 
is  given  off,  or  the  ev/rrenl  jlowg 
tiirough  the  liquid  ttith  the  hydro- 
gen, so  that  in  the  Hoflinann's  vol- 
tameter, shown  in.  Fig.  2,  the  cur- 
rent would  be  said  to  flow  through 
the  liquid,  in  the  short  horizontal  t\g,  2. 

tii>>e,  from  right  to  left. 

If  an  acid,  a  copper,  and  a  zinc  voltameter  be  all 
joined  together,  so  that  the  same  current  parses  througli 
them,  then  it  will  be  found  that  thehydrt^en  in  the  first, 
the  copper  in  the  second,  and  the  zinc  in  the  third,  all 
travel  in  the  same  direction,  so  that  if  through  the  liquid 
in  an  acid  voltameter  the  current  be  said  to  go  in  the 
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in  the  same  direction  as  that  in  which  the  hands  of  a 
clock  go  (or  clockwise).  The  relative  magnetic  polaritj 
of  the  iron  bar  and  the  direction  of  the  current,  as 
indicated  by  the  arrows^  are  shown  in  Fig.  3. 

Perhaps  the  simplest  method  for  remembering  the  con- 
nection between  the  magnetic  polarity  of  an  iron  bar  and 
the  direction  in  which  a  current  circulates  round  it  is, 
that  if  a  current  circulates  round  the  bar  in  the  direction 
in  which  the  iron  of  the  thread  of  a  corkscrew  {Fig,  4) 
moves  when  the  corkscrew  is  screwed  down  or  up,  the 
point  of  the  screw  will  move  towards  the  north-seeking 
magnetic  end  of  the  iron  bar. 

8.  Olgection  to  the  Usual  Mode  of  Constructing 
Voltameters. — ^The  sulphuric  acid  voltameters,  as  usually 
pictured  in  books,  and  which  are  the  forms  obtainable  at 
shops,  are  extremely  unsuitable  for  practical  use,  as  it  is 
troublesome,  after  the  tubes  in  which  the  gas  is  collected 
are  full  of  gas,  to  fill  them  with  liquid  again  for  a  new  ex- 
perimentk  The  apparatus  sliowii  in  Fig.  2  is  very  con- 
venient when  it  is  i*equired  to  collect  the  oxygen  and 
hydrogen  separately,  but  it  has  the  inconvenience  that, 
the  platinum  plates  being  small  and  far  apart^  it  requires 
the  employment  of  several  galvanic  cells  to  make  the  gas 
come  off  quickly ;  for  although  the  quantity  of  gas  pro- 
duced in  a  given  time  by  the  same  current  is  independent 
of  the  shape  and  size  of  the  plates,  the  ease  with  which 
this  current  can  be  generated  depends  very  materially  on 
the  size  of  the  plates  and  their  distance  apart,  and  if  we 
wish  to  produce  chemical  decora  [)osition  quickly,  we 
ought  tq  have  the  plates  large  and  very  near  together, 
and  the  liquid  employed  ought  to  contain  something  like 
33  per  cent  of  strong  sulphuric  acid  by  weight,  the  mix- 
ture having  a  specific  gravity  of  about  1  *25  at  15°  0. 

9.  Description  of  a  Practical  Form  of  Sulphuric 

Acid  Voltameter. — In  Fig.  5  is  shown  a  very  convenient 
form  of  voltameter,  designed  by  the  author,-  consisting 
of  a  glass  vessel  closed  at  the  top  with  an  indiarubber 
•topper  I,   and  containing  moderately  dilute  sulphuric 
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Kcid.     The  two  platinum  plates  P  are  held  together  bj 
indiambber  bfuids,  but    preventeii   frum   tooching  one 
another  b^  small  pieces  of  glass  tubing  pnt  between  the 
plates  at  the  top  and  bottom.     Wires  coated  with  gutta- 
percha, to  preveat  their  being  corroded  by  acid  being 
spilt  orer  them,  go  from  the  plates,  one  to  ^e  "  key"  k, 
which  is  raised  up  above  the  general  level  of  the  app«- 
r«tii8  also  to  prevent  '*■  l^™"  -«««/1i«l  tw 
drop*  of  acid,  and  the 
the  terminal  binding  sci 
On  pressin);  down  E, 
by  a  genenter  attache 
binding  screws,  seen 
at  the  right-hand  side 
o>{thefigure,iaal  lowed 
to  pass  through  the 
apparatus.     The  gra- 
duated tube  t,  which 
passes     air-tight 
dirough     the     iudiO' 
rubber   stopper,    and 
reaches  nearly  to  the 

bottom  of  the  vessel,  j  I 

termiaates  at  the  np- 
per  end  ia  a  thistle 
funnel,  bo  that  if  the 
earrent  is  by  accident 

kept  on  for  a  Icnger  time  than  is  neeemMj  to  eauBe  the 
liquid  to  rise  to  the  top  of  the  graduated  tube,  the  liquid 
collects  in  the  funnel  instead  of  spilling  over.  This  tube 
is  also  sloped  so  that  the  rise  of  liquid  in  the  tube  may 
increase  the  pressure  of  the  gas  in  the  upper  port  of  the 
voltameter  as  little  as  possible.*  The  second  tube  might 
be  simply  terminated  with  a  [riece  of  indiarubber  tubing 

*  If  tha  tmmI  be  fall  of  liqiiM  w  that  tlwrs  U  no  gu  betweea 
file  top  of  the  liquid  and  ibe  iudianibber  itopper  r  at  the  sommenoe- 
DMlt  at  tbe  exptnlment,  the  error  arinng  from  the  conipreuion  of  th* 
|M  prodnoed  Igr  the  riee  of  Uqoid  io  the  tobe  t  may  be  ~y'i"lfd 
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closed  with  a  pinch-cock,  on  opening  which  the  gas  is 
allowed  to  escape,  and-  the  liquid  runs  back  out  of  the 
tube  t  If  this  is  done  suddenly,  however,  there  is  a 
tendency  for  small  particles  of  the  liquid  to  be  jerked  out 
of  the  lower  tube.  To  prevent  these  particles  being  thrown 
on  to  the  stand  of  the  apparatus,  the  tube  is  carried  np^ 
and  its  cord  is  bent  over  into  the  thistle  funnel. 

10.  Belative  Advantages  of  Voltameters  and  Oal- 
vanometers. — The  disadvantage  of  employing  a  voltameter 
for  the  practical  measurement  of  currents  is,  that  it  re- 
quires a  strong  current  to  produce  any  visible  decompo- 
sition in  a  reasonable  time.  Even  the  current  of  one 
ampere,  which  is  about  that  used  in  an  ordinary  Swan 
incandescent  lamp,  would  require  two  hours,  fifty -eight 
minutes,  and  forty-five  seconds  to  decompose  one  gramme 
of  dilute  sulphuric  acid,  whereas  the  weak  currents  used 
in  telegraphy,  and,  still  more,  the  far  weaker  currents 
used  in  t^tiog  the  insulating  character  of  specimens  of 
guttapercha,  indiarubber,  <tc.,  might  pass  for  many  days 
through  a  sulphuric  acid  voltameter-before  their  presence 
could  be  detected,  much  less  their  strength  measured. 
Indeed,  not  to  mention  the  enormous  waste  of  time,  and 
the  difficulty  of  keeping  the  current  strength  which  it  was 
desired  to  measure  constant  all  this  time,  the  leakage  of 
the  gas  which  would  take  place  at  all  parts  of  the  appa- 
ratus that  were  not  hermetically  sealed,*  would  render 
such  a  mode  of  testing  quite  futile.  Hence,  although  the 
voltametric  method  is  the  most  direct  way  of  measuring 
a  current  strength,  and  although  it  is  constantly  made 
use  of  for  measuring  the  large  currents  now  used  indus- 
trially, still  the  very  fact  that  the  amount  of  chemical 
decomposition  produced  in  a  given  time  by  a  certain 
current  is  independent  of  the  shape  or  size  of  the  instru- 
ment, makes  it  impossible  to  increase  its  sensibility. 

*  A  glass  vessel  is  said  to  be  hermetically  sealed  wben  any  oitenins 
that  previously  ezisted  in  it  has  been  closed,  by  heating  the  glass  roima 
the  opening  until  it  becomes  soft  and  stiol^,  and  pressing  the  edges 
together. 
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CHAPTER    L 

THE  KLBCTRIO  CUSKBNT  AND  ITS  MBASUBBMBNT. 

L  What  ia  meant  by  an  Eleetric  Carrenty  and  by  its  Direction  of  Flow 
— 2.  F)ropertieB  of  an  Electrio  Coirent— 3.  Measuring  the  Strength 
id  a  Onmnt— 4.  Oondncton  and  Insnlaton — 5.  The  Strength  of 
an  Electrio  Chirrant:  by  which  of  its  Propertiea  ihall  it  be 
Directly  Measured? — 6.  Definition  of  the  Unit  Oozrent  — 7. 
Definition  of  the  Direction  of  the  Current — 8.  Objection  to  the 
Usual  Mode  of  Gonstmefcing  Voltameters-- 9.  Description  of  a 
Ftactical  form  of  Sulphuric  Add  Voltametei^— 10.  BelatiTe  Ad- 
ranta^  of  Voltameters  and  Galranometers— 11.  Meaning  of  the 
Relature  and  the  Absohite  Calibration  of  a  OalTanometer^lla. 
Measuring  the  Distribution  of  Magnetism  in  a  Permanent  Magnet 
^-12.  Experiment  for  Calibrating  a  Galvanometer  Belatively  or 
Absolutely— 13.  Graphically  Becordin^  the  Results  of  an  Experi- 
ment— 14.  Practical  Value  of  Drawmg  Curves  to  Graphically 
Becord  the  Besults  of  Experiments. 

L  What  is  meant  by  an  Electric  Current,  and  by  its 
Direction  of  Flow. — ^In  the  various  industries  in  which 
electricity  is  employed,  as  in  the  telegraph,  telephone, 
electric  lighting,  electrotyping,  electroplating,  torpedo 
explodii^.  and  in  the  working  of  machinery  by  the  aid 
of  electromotors,  it  is  the  so-called  ''  dectrie  current  **  that 
is  made  use  ofl  Hence  a  knowledge  of  the  laws  of  this 
electric  current,  a  clear  conception  of  its  so-called  proper- 
ties, combined  with  a  practical  acquaintance  with  the 
modes  of  measuring  it,  must  be  of  especial  importance  for 
a  right  understanding  of  the  working  of  the  apparatus 
employed  in  the  above-mentioned  industries.  Indeed, 
such  knowledge  is  absolutely  necessary  if  the  user  of 
electrical  apparatus  is  desirous  of  employing  it  to  the 
best  advantage,  of  being  able  to  correct  faults  when  they 
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occur,  as  well  as  of  effecting  improvements  in  the  instru- 
ments themselves. 

It  is  customary  to  speak  of  an  electric  current  as 
if  it  had  an  independent  existence  apart  from  the 
'^  conductor''  through  which  it  is  said  to  be  flowing,  just 
as  a  current  of  water  is  correctly  spoken  of  as  something 
quite  distinct  from  bhe  pipe  through  which  it  flows.  But 
iiL  reality  we  are  sure  neither  of  the  direction  of  flow  of 
an  electric  current,  nor  whether  there  is  any  motion  of 
anything  at  all  And  the  student  must  not  assume  that 
the  conventional  expression,  —  the  current  flows  from  the 
copper  pole  of  a  galvanic  battery  to  the  zinc  pole  through 
tbe  external  circuit,  —  implies  any  knowledge  of  the  real 
direction  of  flow  any  more  than  the  railway  expressions, 
"  ui>  train  "  and  "  down  ti*ain,"  mean  that  either  train  is 
necessarily  going  to  a  higher  level  than  the  other.  In 
the  case  of  a  stream  of  water  flowing  along  a  river-bed 
we  are  quite  certain  that  there  is  water  in  motion,  and 
every  one  is  agreed  as  to  which  way  the  water  is  flow- 
ing; a  cork  or  a  piece  of  wood  thrown  on  the  water 
indicates  by  its  motion  the  direction  in  which  the  water 
is  moving. 

Nor,  again,  must  an  electric  current  be  supposed 
to  be  like  waves  of  sound  travelling  along,  since  in  this 
latter  case,  although  there  is  no  actual  travelling  along  of 
matter,  still  the  direction  of  motion  of  the  wave  of  sound 
is  perfectly  definite.  Indeed,  a  wire  along  which  an 
electric  current  is  flowing  is  more  like  a  wire  at  each  end 
of  which  a  musical  instrument  is  being  played,  so  that 
the  sound  is  travelling  in  both  directions  along  the  wire 
at  the  same  time.  In  short,  the  statement  that  an  electric 
current  is  flowing  along  a  wire  is  only  a  short  way  of  ex- 
pressing the  fact  that  the  wire  and  the  space  around  the 
wire  are  in  a  diflerent  state  from  that  in  which  they  are 
when  no  electric  current  is  said  to  be  flowing.  So  that 
when  a  body  and  the  space  around  the  body  possess  certain 
properties  that  they  do  not  usually  possess,  an  electric 
current  is  said  to  be  flowing  through  that  body. 
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2.  Properties  of  an  Eleetric  Current — ^These  pro* 
perties  are: 

(1)  A  saspended  magnet  put  in  nearly  any  position 
near  a  body  through  which  an  electric  current  is  said  to 
be  flowing  will  be  deflected,  also  a  piece  of  iron  put  near 
this  body  will  become  magnetised,  the  action  in  both 
cases  being  produced  as  if  the  body  conveying  the  current 
had  become  magnetic. 

(2)  If  the  circuit  through  which  the  electric  current 
IS  said  to  be  flowing  be  partly  solid  and  partly  liquid,  then 
the  liquid  will  generally  be  decomposed  into  two  parts, 
one  part  going  to  one  side  of  the  liquid  in  the  direction  in 
which  the  current  may  be  said  to  be  flowing,  and  the 
other  part  going  to  the  other  side  of  the  liquid  in  the 
opposite  direction  to  the  flow  of  the  current. 

(3)  The  body  conveying  the  current  becomes  more  or 
less  heated. 

In  popular  language  the  current  is  said  : 

(1)  To  deflect  the  magnet^  cmd  magnetise  the  iron, 

(2)  To  decompose  the  liquid. 

(3)  To  Iieat  the  body  through  which  it  isflounng. 
But  as  we  have  no  evidence  of  the  current  apart  from 

the  conductor  through  which  it  is  said  to  flow,  it  is  more 
accurate  to  say,  that  when  these  efiects  are  found  to  be 
produced,  a  current  is  said  to  be  flowing  through  the 
conductor ;  than  to  say,  that  the  current  produces  these 
efl'ects.  The  latter  expression,  however,  for  brevity^s 
sake,  is  generally  adopted ;  and,  indeed,  the  heat  generated 
in  a  wire  conveying  a  current  has  so  many  analogies  with 
the  heat  produced  in  a  pipe  by  the  friction  of  a  stream 
of  water  passing  through  it,  that  we  can  frequently 
assist  ourselves  by  thinking  of  an  electric  current  as  a 
stream  of  matter  passing  through  the  wire  as  water  would 
pass  through  a  pipe  filled  with  sponge  or  loosely  packed 
with  sand.  But  the  analogy,  like  many  other  analogies, 
must  not  be  pressed  too  far,  especially  as  there  is  this 
very  great  difierence  between  a  current  of  water  flowing 
in  a  pipe  and  a  current  of  electricity  in  a  wire,  viz.,  that 
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through  a  small  vertical  hole  in  the  beam,  from  a  fanua 
pin  p,  to  which  the  thread  is  attached.  Before  the  magnet 
is  placed  on  the  board,  the  quantity  of  shot  in  this 
box  and  the  counterpoise  o  are  so  adjusted  that  when  the 
knife  edge  supporting  w  is  placed  in  the  groove  marked 
nought,  the  beam  rests  horizontaL  Turning  P  winds 
up,  or  unwinds,  a  little  of  the  thread,  and  so  sHghtlj 
raises  or  lowers  the  ball  The  experiment  is  performed 
by  first  cleaning  the  upper  surface  of  the  magnet  and  the 
lower  surface  of  the  ball  with  fine  emery  cloth,  and 
wiping  off  the  emery.  The  board  is  next  levelled,  the 
magnet  put  on  it,  and  the  pin  P  turned  until  the  ball  is 
just  in  contact  with  the  magnet,  when  the  left-hand  end 
of  the  beam  is  resting  at  the  bottom  of  the  slot  < «,  in 
which  position  the  beam  is  horizontal.  The  knife  edge 
carrying  the  weight  is  now  placed  in  the  different  grooves 
on  the  upper  edge  of  the  beam  until,  by  trial,  two  are 
found  close  to  one  another,  such  that  if  the  knife  edge  is 
put  in  the  one  of  them  nearer  the  fulcrum  f  the  iron  ball 
Temains  in  contact  with  the  magnet,  when  the  micrometer 
screw  8  is  turned  without  shaking,  so  as  to  lower  the 
magnet — or  in  other  words  the  left-hand  end  of  the  beam 
rises  up  as  the  magnet  is  lowered, — ^whereas  if  the  knife 
edge  carrying  w  be  put  in  the  next  groove,  the  magnet 
cannot  pull  the  ball  down  with  it  when  it  is  lowered — or 
turning  the  micrometer  screw  s  so  as  to  lower  the  magnet, 
fails  to  raise  the  left  hand  end  of  the  beam.  It  may 
then  be  assumed  that  if  the  knife  edges  were  put  about 
half-way  between  these  two  adjacent  grooves,  the  weight 
w  would  produce  a  force  exactly  equal  to  that  exerted  by 
the  magnet  on  the  ball,  and  which,  therefore,  is  known. 
Of  course  the  experiment  should  be  repeated  several 
times,  hanging  the*  knife  edge .  first  in  one  of  the 
grooves  and  then  in  the  other,  to  make  quite  sure  that 
the  two  light  grooves  have  been  found,  and  that  the 
detaching  of  the  magnet  was  not  produced  by  shaking. 

The  magnet  is  now  moved  along  the  bosjxi  to  a  new 
position,  and  the  force  which  is  exerted  when  the  iron 


ItKAai-RIXa  THK  RTKBNUTIl  OF  A  Cl'RRKS'T. 


OkWL  I.]  CALlaBATma  a  aALTlKOHITKE.  27 

13.  Sxperimeiit  tta  Oftlibntiag  %  OalTtnometar 
AaUtiTelT  or  Abwlately.  —  Fig.  6  shows  a  volU^ 
meter  t,  coimected  up  with  s  saiTftnomet«r  o,  snd  & 
"box  ofre»i^anc«  eoiU"  r,  ready  lor  use  for  a  relative  or 
for  an  abeolnte  calibrati<Mi  experimenL  The  conrae  of 
the  CQTTeat  ia  shown  bj  the  thick  and  dott«d  linefl ;  the 
thick  linea  rcpreaentiitg  the  wires  above,  and  tJie  dotted 
lines  tiie  wires  imdemeath,  the  board  on  which  tlie  ap- 
pustiu  is  placed,  and  hj  tne«ns  of  whioh  it  caa  be  moved 


about  from  place  to  place  without  disconnecting  the  in- 
struments T  T  are  the  terminals,  or  binding  ecrewg, 
to  which  the  wires  coming  from  the  battery,  djmamo 
machine,  accumulators,  or  other  source  of  electricity,  are 
attached.  The  galvanometer  in  this  case  consists  of  a 
vertical  circular  coil  of  wire  a,  at  the  centre  of  which  is 
suspended  a  very  short  magnetic  needle  carrying  a  long 
pointer  of  aluminium  or  of  brass  wire,  or,  best  of  all,  made 
of  a  thin  thread  of  glass,  ^  is  a  shallow  circular  box,  with 
a  glass  lid.  A  scale  is  fixed  to  the  bottom  of  the  box, 
and  from  the  centre  of  the  glass  lid  the  small  magnetic 
needle  hangs  by  a  filament  of  ungpun  silk.  The  posi- 
tion of  the  pointer  on  the  scale  can  easily  be  read  off  if 
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the  «ida  of  the  painter  are  blackened,  and  parallaii* 
can  be  avoided  by  fixing  the  scale  cloee  under  the 
pcnnter.  As  this,  however,  is  liable  to  lead  to  one  or 
other  of  the  ends  ttf  the  painter  touching  the  scaler 
if  the  instniment  is  not  Teiy  well  made  and  carefdUy 
levelled,  it  is  better  to  avoid  parallax  bj  fastening  the 
scale,  which  in  this  case  takes  the  form  of  a  mere  drca- 
Ur  ring,  to  ft  disc  of  tooking-glaas,  and  by  the  observer 
always  taking  care,  when  '"^^"g  a  reading,  to  hold  his 
^^K  head     so     that     the 

^^^  pointer   exactly  hides 

ita  reflection  in  the 
looking  -  glass  imder- 
neath  it. 
-  Fig.  7  shows  the 
inCerior  of  the  resists 
ance  box  r,  which  con- 
tains coils  of  wire  w', 
ic,  wonnd  on  wooden 
or  ebonite  bobbins  B, 
Ac.  The  ends  of  these 
etnls  are  soldered  to 
stiff  wires  «r,  which 
p.g.  7.  again  are  fastened  to 

the  brass  pieces  c',  C^, 
c",  iic,  the  latter  being  screwed  to  the  wooden  or  ebonite 
top,  E  B,  of  the  resistance  box.  When  a  ping  H  is 
inserted  tightly  between  the  ccmtact  pieces,  c*  and  c' 
(which  can  be  best  done  by  giving  to  the  plug  a  down- 
ward screwing  motion)  the  current  flows  along  the  short 
path,  c^  p'  C^,  acnxss  the  metal  plug,  and  practically 
none  tbrongh  the  wire  wonnd  on  the  bobbin  w*.  If, 
however,  a  plug  pi  be  withdrawn,  then  all  the  current 
passes  tbrongh  the  coil  w*,  and  none  acrms  the  sitace 

*  PKnllki  ia  the  enw  kriapB  from  Io(4dng  *(  tbe  pcaitter  ntho' 
ddenji,  iiutekd  of  lookiiij  lUreetlT  dovn  on  it.  mmI  b  caiuing  iti 
enA  to  apixu  ta  be  orer  ■  put  of  the  wait  k  littl*  to  tlie  tidit,  sr  a 
Sttle  to  tha  lefb  of  ita  true  postisa. 
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separating  c^  and  c'.  Henoe,  by  taking  out  one  or  more 
plugs  the  path  for  the  cuiTent  may  be  lengthened  at 
will,*  and  the  strength  of  the  current  dimini^ed.  The 
brass  pieces,  c^,  c^,  c',  are  unclerciU,  as  seen  in  the  figure, 
so  that  a  strip  of  clean  washleather  can  be  inserted 
between  them,  and  the  ebonite  cleaned.  If  the  ebonite 
between  the  bi*ass  pieces  were  left  dirty  there  would  be 
leakage  of  the  electricity  across  the  film  of  dirt  when  the 
plug  was  removed,  and  the  resistance  between  two  of  the 
brass  pieces  would  be  a  little  less  than  that  of  the  coil  of 
wire  connecting  them.     {See  §  140,  page  266.) 

For  the  benefit  of  those  who  may  be  accustomed  to 
use  resistance  coils,  it  may  be  noticed  that  in  the  particular 
experiment  shown  in  ¥ig,  6,  it  is  quite  unnecessary  to 
know  the  length  or  gauge  of  the  wire  that  has  been 
wound  on  the  various  bobbins,  nor  is  it  at  aU  necessary 
that  all  the  coils  should  be  made  of  the  same  wire,  since 
whatever  resistance  be  inserted  in  the  box  r,  the  cur- 
rent that  passes  through  the  voltameter  is  the  same  as 
the  current  that  passes  through  the  galvanometer,  so 
that  the  variation  in  strength  of  the  current  is  known 
from  the  voltameter  observations,  and  not  from  the 
length  of  wire  that  has  been  introduced  into  the  circuit. 
Indeed  the  resistance  box  in  this  experiment  may  be 
dispensed  with  altogether  when  there  is  any  easy  mode 
of  altering  the  current  strength  by  using  different  num- 
beis  of  cells  or  a  different  kind  of  battery  to  produce 
the  current,  but  in  practice  this  result  is  generally  most 
easily  attained  by  the  use  of  a  box  of  resistance  coils. 

The  calibration  is  performed  by  observing  for  a  num- 
ber of  different  currents  the  rise  of  the  liquid  in  the  gra- 
duated tube  of  the  voltameter  y  (Fig:  6),  in  a  given  time, 
and  the  corresponding  steady  deflection  of  the  needle,  or  of 
the  pointer,  of  the  galvanometer.  More  accurate  obser- 
vations can  be  made  if,  instead  of  observing  the  different 
lengths  of  the  tube  through  which  the  liquid  rises  in  the 

*  Farther  details  of  tiie  oonstmction  of  reiiBtanoe  ooili  will  be 
foand  in  §  89,  page  151 ;  §94,  page  150;  §95,pagelG3. 
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Bame  time  ooirespondiiig  with  the  different  currents,  the 
times  be  noted  during  which  the  liquid  rises  through  a 
fixed  length  of  the  tube,  say  the  whole  of  it,  and  from 
these  results  a  calculation  be  made  of  the  distances 
through  which  the  liquid  would  have  risen  in  the  same 
time.  In  this  case  two  marks  only  are  necessary,  one  at 
each  end  of  the  tube. 

If  the  tube  t  (Fig.  5)  has  been  graduated  in  oabic 
centimetres  or  cubic  inches,  and  if  'the  apitaratus  be  so 
constructed  that  it  can  be  kept  during  the  experiment 
under  water,  so  that  the  temperature  of  the  gas  is  the 
same  as  that  of  the  water,  and  therefore  can  be  easily 
measured  by  a  thermometer  dipping  into  the  water,  then 
the  actual  currents  in  amperes  producing  any  particular 
deflection  on  the  galvanometer  will,  from  what  is  given 
previously  on  page  12,  be  known,  or  the  galvanometer  will 
have  been  calibrated  absolutely.  If,  however,  the  tube 
has  been  divided  into  portions  having  equal  volumes,  but 
of  unkviown  value  in  cubic  centimetres,  or  in  cubic  inches, 
or  if,  what  is  approximately  the  same  in  the  case  of  a 
well-drawn  tube,  the  divisions  merely  mark  off  equal 
lengths  of  the  tube,  then  the  result  of  Uie  experiment  will 
merely  give  the  r^kuive  calibration  of  the  ffsdvanometer. 

18.  Graphically  Recording  the  Besnlts  of  an  Ex- 
periment.— ^The  results  of  this  experiment,  and  indeed  of 
all  experiments,  are  best  recorded  graphiosdly  by  points 
on  a  sheet  of  squared  paper,*  that  is,  paper  subdivided 
into  a  number  of  smsdl  squares,  by  a  large  number  of 
straight  lines  drawn  at  right  angles  to  one  another.    The 

*  itrior  to  the  commenoement  of  the  oounes  at  the  Finsboiy 
Technical  College,  in  1879,  aqnared  paper  was  practically  used  in 
England  only  for  the  reconiing  of  reenlte  of  original  expenmenta. 
And  as  these  results,  rather  than  the  training  of  the  experimenter, 
were  the  most  important  part  of  the  investigation,  the  paper  was 
very  accurately  divided,  and  sold  at  a  high  price  totally  out  of  the 
reach  of  students.  It  became,  therefore,  necessary  to  lukve  squared 
paper  spedally  made,  cheap,  and  at  the  same  time  suflleiently  aioea- 
rately  divided  for  students^purposes ;  and  such  paper,  machine-ruled, 
can  now  be  obtained  at  between  a  farthing  and  a  halfpenny  per  sheet, 
or  at  about  one-twentieth  of  the  ooat  of  ue  older  squared  paper. 
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distances  of  the  points  from  o  y  (Fig.  8)  should  be  taken 
to  represent  the  deflections  on  the  galvanometer  o,  and 
the  distances  of  the  same  points  from  o  x  the  corresixind- 
ing  amounts  of  gas  produced  in  a  given  time,  that  is,  the 
corresponding  values  of  the  current.  In  Fig.  8  the  two 
sets  of  lines  at  right  angles  to  one  another,  which  divide 


T:g.  8. 

the  paperinto  squares,  have  been  omitted  to  avoid  eon- 
fusion.  They  will,  however,  be  seen  on  referring  to 
Fig.  93,  page  245. 

It  may  be  asked  how  distances  along  a  line  can  re- 
present the  angular  deflections  on  a  galvimometer,  or 
the  amount  of  gas  produced  in  a  given  time.  What  is 
meant  is  this  :  the  line  o  x  is  subdivided  into  a  number 
of  equal  divisions  by  the  ruling  on  the  squared  paper ; 
one  or  any  convenient  number  of  these  subdivisions  is 
taken  arbitrarily  to  stand  for  1°,  then  any  deflection  is 
represented  by  this  number  of  divisions  that  we  have 
arbitrarily  taken  to  stand  for  P,  multiplied  by  the  num- 
ber of  degrees  on  the  deflection.  Similarly  one  or  any 
convenient  number  of  the  divisions  along  o  T  is  taken 
arbitrarily  to  stand  for  one  cubic  centimetre  of  gas,  or 
the  volume,  it  may  be,  contained  in  unit  length  of  the 
tube,  then  any  number  of  cubic  centimetres,  or  the 
volume  contained  in  any  length  of  the  tube,  will  be  re- 
presented by  the  number  of  divisions  along  o  t  that  has 
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been  taken  to  stand  for  one  cubic  centimetre,  or  for  unit 
length  of  the  tube,  multiplied  into  the  number  of  cubic 
centimetres,  or  into  the  length  of  the  tube. 

In  selecting  the  scale,  that  is,  in  determining  the 
number  of  divisions  along  o  x  or  along  o  y,  that  is  to  be 
taken  to  represent  1^  deflection,  or  unit  volume  of  the 
tube,  we  must  remember  that  it  is  desirable  that  the  curve, 
which  we  are  about  to  draw,  shall  be  as  large  as  possible, 
since  the  larger  it  is  the  more  accurately  we  can  draw  it 
The  scale  should,  therefore,  be  so  selected  that  the  maxi- 
mum deflection  of  the  galvanometer  that  has  been  used 
in  the  experiment  should  be  represented  by  nearly  the 
whole  of  o  X,  and  the  corresponcQng  maximum  quantity 
of  gas  developed  in  the  given  time  by  nearly  the  whole 
of  o  Y,  since  with  this  arrangement  the  curve  would  occupy 
nearly  the  whole  of  the  sheet  of  squared  paper.  For  ex- 
ample, suppose  that  the  length  o  x  is  divided  by  the  ruling 
of  the  paper  into  170  equal  divisions,  and  o  Y  into  100, 
and  suppose  that  the  maximum  galvanometer  deflection 
was  60°,  and  that  when  that  deflection  was  produced  the 
liquid  ascended  from  the  zero  mark  at  the  bottom  of  the 
tube  to  the  top  mark  in  twenty-two  seconds,  then,  if 
one  minute  be  the  fixed  time  decided  on,  the  most  suit- 
able scales  for  distances  measured  along  o  x  and  along 
o  Y  would  be  selected  as  follows : — 


170 

60 

=  28 

about 

60 
22 

=  2-7 

'» 

100 
2-7 

=  37 

;i 

"2 '8  divisions  per  1®  would  be  a  little  awkward  to  em- 
ploy when  deflections  of  17^,  29 p,  &c.,  had  to  be  repre- 
sented ;  2^  divisions  per  1°,  or  25  divisions  per  10^, 
would  therefore  be  better.  37  divisions  along  oy,  to 
represent  the  whole  length  of   the  tube    woidd  just 
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<snable  the  maximam  Tolmne,  eorresponding  with  2*7 
lengths  of  the  tube  in  the  minute^  to  be  ropwwented  by 
the  whole  of  o  t  ;  but  37  dtTidons  for  the  whole  length 
wonld  be  a  little  awkward  to  employ  when  other  leng^bhs 
of  the  tube  had  to  be  repreaented  ;  probably,  therefore, 
30  divisions  along  o  t,  to  stand  for  the  whole  of  the  tnbe^ 
would  be  more  convenient^ 

Having  obtained  a  sufficient  number  of  points  by  ex- 
periment, a  curve  should  be  drawn  connecting  these  pointSL 
Such  a  curve  can  be  best  drawn  by  bending  an  ela$tie 
piece  of  wood,  and  holding  it  so  as  to  pass  as  nearly  as  pos- 
sible through  all  the  points  that  are  plotted  on  the  squared 
paper  to  record  the  results,  and  then  using  the  bent  piece 
of  wood  as  a  ruler,  along  which  to  draw  a  Ima  But  unless 
the  ezperimoit  has  been  peiformed  with  great  accuraoy 
— ^to  attain  which  requires,  not  merely  the  careful  at- 
tention of  those  engaged  in  making  the  experiment^  but  a 
certain  amount  of  practice  in  experimenting — ^it  must  not 
be  expected  that  a  curve  so  drawn  will  pass  through  all 
tlie  points  ;  some  of  them,  6,  are  sure  to  be  a  little  too 
low,  meaning  that  the  deflection  on  the  galvanometer  has 
been  read  too  high,  or  that  the  rise  of  liquid  in  the 
graduated  tube  has  been  read  too  low,  from,  perhaps, 
an  error  having  been  made  in  taking  the  time,  or  from 
the  current  not  having  been  kept  on  for  a  sufficient  time 
before  the  pinch-coc^  e  (Fig.  5^  was  closed  for  the  gas  to 
have  commenced  to  come  on  regularly.  Some  of  the 
points  0  (Fig.  8),  on  the  other  hirnd,  are  sure  to  be  too 
high,  meaning  that  the  deflection  on  the  galvanometer 
has  been  read  too  low,  or  the  rise  of  Hquid  in  &e  graduated 
tube  too  hi^^ ;  or  it  may  be  that  the  experiments  were 
fairly  well  made,  and  that  b  and  €  are  merely  plotted 
incorrectly,  and  so  do  not  represent  the  results  of  the  ex- 
periments 

14.  Practical  Valne  of  Drawing  Curves  to  Oraphic- 
ally  Beeord  the  Besolta  of  Experiments.  —  It  may 
be  asked.  But  is  it  not  possible  that  the  points  b  and  e, 
although  not  on  the  curve,  may  be  quite  corrects    The 
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aiiflwei  is.  No,  because  experienoe  makes  us  quite  sure^  from 
the  fact  that  the  comiection  between  the  deflection  of  the 
galvanometer  g  and  the  current  strength  must  be  a  oon^ 
tmuouB  one,  that  the  points  correctly  representing  the 
true  connection  must  all  lie  on  an  elastic  curves  or  on 
such  a  curve  as  can  be  obtained  by  bending  a  thin  piecse 
of  wood  or  steel,  and,  consequently,  that  if  no  mistake 
has  been  made  in  plotting  the  points  b  and  e,  some  mis- 
take must  have  been  made  in  taking  the  observations. 
But  what  is  even  more  important,  we  are  also  sure  that 
die  points  b'  and  «'  on  the  curve,  obtained  by  drawing 
lines  through  b  and  e  respectively  parallel  to  o  t,  give 
far  more  accurately  the  relative  strengths  of  the  currents 
producing  respectively  the  two  deflections  in  question, 
than  the  currents  obtained  directly  from  the  exp>eriment 
itself.  Drawing  the  curve,  then,  corrects  the  results  ob- 
tained by  the  experiment.  But  it  does  something  more 
than  that — it  gives,  by  what  is  called  ^^interpokUi^''  the 
results  that  would  have  been  obtained  Jrom  intermediate 
experiments  correctly  made,  that  is  to  say,  it  tells  us  what 
would  be  the  relative  strengths  of  the  currents  that 
would  produce  deflections  intermediate  between  the  de- 
flections that  were  actually  observed  For  example, 
suppose  it  be  required  to  know  the  strength  of  current 
which  will  produce  a  deflection  of  43°,  for  which  deflection 
no  experiment  has  been  made,  compared  with  that  which 
will  produce  a  deflection  of ^  say  27°,  for  which  deflection 
also  no  experiment  has  been  made,  then  all  that  is  neces- 
sary is  to  draw  a  line  parallel  to  o  y,  through  the  point 
A  in  ox  corresponding  with  43°,  similarly  to  draw  a 
line  parallel  to  ot,  through  the  point  b  in  ox,  corre- 
sponding with  27°,  and  observe  the  lengths  of  the  lines 
between  o  x  and  the  points  p  and  Q,  where  they  cut  the 
curve,  then  the  strength  of  the  current  which  produces 
the  deflection  43°  on  this  particular  galvanometer  bears 
to  the  strength  of  the  current  that  produces  the  deflection 
27°  the  ratio  of  the  length  a  p  to  the  length  b  q. 

If  the  curve  is  an  absolute  and  not  merely  a  relative 
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calibration  cun'e,  then  the  scale  on  which  it  is  drawn 
will  be  known,  and  therefore  the  number  of  amperes  cor- 
zespondiiig  with  either  a  P  or  B  Q. 

The  method  of  plotting  the  results  of  experiment  on 
aqaared  paper,  and  drawing  a  curve  through  theoi  to 
graphically  record  the  result,  has  a  third  important  use  in 
that  ii  enables  ustoaeethe  nature  of  the  law  connecting  tlie 
current  tvit/i  Uie  deflection^  which  might  easily  escape 
observation  if  only  a  few  disconnected  experiments  had 
been  mada  For  example,  suppose  that  the  results  ob- 
tained in  some  [Nurticular  case  are  : — 


Defleotion. 

Belattve  Stnogth  of  Curront. 

10          ...     . 

24. 

17-3       

41*6. 

22*8       ...      . 

64-7. 

29-6       ...     . 

70-8. 

87-4       

89-7. 

then  plotting  the  results  on  squared  paper  a  straight  line 
is  obtained,  and  from  this  we  see  at  once  that  this  par- 
ticular galvanometer  has,  somehow  or  other,  been  so 
made  that  the  angular  deflection  of  the  needle  is  directly 
ptoportional  to  the  strength  of  the  current. 
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15.  Tannnt  GftlvMimnetar— 16.  Soale  for  m  Taagent  Gftlvmnometer— > 
17.  Mode  of  Making  a  Tangent  Seale--1&  Beit  Deflection  to  me 
with  a  Tangent  Galvanometer— 19.  When  the  Tuigent  Law  ia 
True— 90.  Precedinff  Conditiona  are  fulfilled  in  the  Tugent  Gal- 
vanometer—21.  Adinating  the  Coil  of  a  Tangent  Galvanometer^^ 

22.  Variation  of  the  Sensibility  of  a  Galvanometer  with  the 
number  of  Winding!  and  with  the  Diameter  of  the  Bobbin— 

23.  Thomson'!  Galvanometer  for  Large  Current!— 24.  Valuei 
in  Amperes  of  the  Deflections  of  a  Tamrant  Galvanometer  oon- 
troUea  only  bj  the  Earth's  Magnetism—^.  Galvanometers  having 
an  Invariable  Abeolnte  Calibration  —  26.  Calibrating  any  Gal* 
vanometer  by  Direct  Comparison  with  a  Tangent  Galvanometer^ 
27.  Pivot  and  Fibre  Suroensions— 28.  Sine  Law :  under  what 
Conditions  it  is  True— 29.  Preoeding  Conditions  are  fulfilled 
in  the  Sine  Galvanometer—SO.  Calibrating  a  Galvanometer  by 
the  Sine  Method— 3L  Calibration  by  the  Sine  Method  of  the 
Higher  Parte  of  the  Soale-32.  Calibration  hj  the  Sine  Method 
witti  a  Constant  Current  — ^  Method  of  Makmg  a  Sine  Soale— 
34.  Portable  Galvanometer  with  Afmrozimately  Invariable  Abso- 
lute Calibration— 35.  Construction  oi  Galvanometers  in  which  the 
Antfiilfcr  Deflection  ii  Proportional  to  the  Current— 86.  Shielding 
Gamnometers  from  Exteaneous  Blagnetio  Disturbance— 37.  Direct 
Beading  Galvanometers— 88.  Advantiges  of  the  Previous  TTpes 
of  Galvanometers— 89.  Ammeter. 

15.  Tangent  Galvanometer.  —  Using  the  particular 
galvanometer  of  the  shape  shown  as  o  (Fig.  6),  experi- 
ment proves  that  the  calibration  curve  has  the  shape 
shown  in  Fig.  9,  page  37,  if — 

(Ist)  The  controlling  force  be  produced  by  the  needle 
moving  in  a  ''  uniform  magneiiejieUi,"  like  that  produced 
by  the  earth's  magnetism,  and  in  which  the  force  acting 
on  a  given  magnetic  pole  is  uniform  in  magnitude  and 
direction ; 

(2nd)  The  diameter  of  the  bobbin  round  which  the 
wire  is  wound  be  laige  compared  with  the  length  of  the 
suspended  magnetic  needle  'p 
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(3rd)  The  centre  of  this  needle  be  M  the  oeatre  of 
the  bobbin; 

(4th)  Hie  plane  of  the  bobbin  be  so  placed  that  it 
ronteinB  the  "  moffn^ie  axi» "  oi  the  needle,  that  ia,  the 


line  joining  ita  magnetic  poles,  when  no  current  is  pasaing 
ronnd  the  0(hI 

And  it  ia  easy  to  ascertun  by  measurement  that 
if  any  three  pointa,  p,  q,  b,  be  taken  on  this  curve, 
the  lengths  a  f,  b  q,  o  b,  pandlel  to  o  Y,  bear  to 
one  anther  the  ratios  of  the  tangents*  of  the  angles 

*  To  Had  the  twganl  of  knr  lugle  ApB  (Kg.  10).  In  eMer  line 
0  A  or  0  B  toke  oiqi  p<iii>t  F>  •"d  drop  >  perp«ndUnUr  F  q  OB  the  othar. 
Tbm  is  the  triugte  P04  we  hiTe  two  perpendiaalM* ^  one,  to. 


PSACTICAL   BLRCTBICnr. 


represented  oy  o  a,  O  b,  and  O  O  respectively.    Such  a  gal- 
vanometer ia,  therefore,  called  a  "  tangent  gtilva7umi«let" 


and  it  may  be  lienc-eforth  used  without  reference  to  any 
voltameter  for  the  comparison  of  current  strengths, 
as   they  will   be   simply  proportional   to   the   tangents 

nppotiU  to  the  given  nnale  ;  th«  other, 
<»  Qt  tuijacfnt  to  it ;  »nd  a  tbird  BtdOi 
opposite  the  right  angle,  c&lled  the 
hiipottnvK.  The  ratio  of  the  oppoiile 
Bide  to  the  adjacent  aide  is  called  the 
langtnt  of  the  angle  a  OB, 
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of  the  onglea  throti^^  which  the  magnetic  needle  is 


16.  Scftle  for  a  Tangent  OalTanomater. — Tlie  scales 
of  tangent  galvanometers  are  ^vqnentl;  simply  divided 
into  degrees,  and  a  reference  has  constantly  to  be  made 
to  a  table  of  tangenta  to  enable  the  galvanometer  to  be 
nied.  A  better  plan  is  to  divide  the  scale,  not  into  equal 
dirisiona;  bnt  into  divisions,  tbe  lengths  of  which  become 
smaller  and  smaller  as  we  depart  from  the  zero  or  tm- 


deflected  position  of  the  needle,  in  such  a  waj  that  the 
namber  of  divisioiis  in  any  arc  is  proportional,  but  not 
necessarily  equal,  to  the  tangent  of  the  angle  corre- 
sponding with  that  arc.  Or  the  scale  may,  as  shown  iu 
^.  11,  be  divided  into  degrees  on  one  side,  and  on 
the  tangent  principle  on  the  other. 

17.  Hode  of  Hsking:  a  Tangent  Scale. —  Fig.  12 
shows  the  method  of  constructing  such  a  tangent  scale. 
The  lengths  ab,  b  c,  en,  kc,  along  the  line  a  f,  which  is  a 
tangent  to  the  circle  at  the  point  a,  are  all  made  equal 
to  one  another  ;  hence  if  from  the  centre,  o,  of  the  circle 
straight  lines,  o  a,  o  b,  o  c,  Ac,  be  drawn,  cutting  the  cir- 
cumference of  the  circle  in  the  points  a,  1,  2,  3,  (be.,  the 
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numbers  1,  2;  S,  4»  &a,  will  be  respectively  proportional 
to  the  tangents  of  the  angles  Aol,  ao8,  AOS^iea 


For  tan. 

AO  1 

= 

AB 
0  A 

tan. 

A02 

=5 

AO 
OA 

ss 

2  AB 
OA 

tan. 

AO  8 

= 

AD 

OA 

_    3^AF 
O  A 

and  soon. 
Beginners  are  apt  to  think  that,  because  the  divisions 
on  such  a  tangent  scale  are  very  much  crowded  together 
in  the  higher  part  of  the  scale,  the  value  of  a  current  can 
be  more  accurately  ascertained  by  taking  a  reading  on 
the  degree  side,  and  then  finding  the  value  of  the  tangent 
in  a  table  of  tangents,  than  by  raiding  it  off  on  the  tangent 
scale.  But  this  seeming  greater  accuracy  is  quite  delusive, 
since  what  hsLs  to  be  ascertained  in  either  case  is  the 
tangent  of  the  angle,  not  merely  the  angle,  and  although 
on  &e  degree  side  of  the  scale  the  angle  can  be  read  much 
more  accurately  than  can  be  its  tangent,  or  a  numl>er  pro- 
portional to  its  tangent,  on  the  other  side,  this  only  indi- 
cates that  the  error  of  a  tenth  of  a  degree  in  a  large  angle, 
although  a  much  smaller  proportional  error  than  a  tenth 
of  a  degree  in  a  smaller  angle,  produces  a  far  greater  pro- 
portional error  in  the  tangent.  For  example,  if  20^*1 
be  read  instead  of  20°,  the  error  b  ^i^,  whereas  if  85^*1 
be  read  instead  of  85°,  the  error  is  only  -g^jff  or  less 
than  a  quarter  of  the  preceding  error.  But  the  tangents 
are  in  the  first  case  0*3659,  and  0*3640,  the  error  in  the 
tangent,  therefore,  is  -Mjst  or  about  Tiri  whereas  the 
tangents  in  the  second  case  are  11*66  and  11*43,  so  that 
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the  proportional  error  is  tHti  or  aboat  iAf>  wUeh  is 
nesily  fourtimes  as  great  as  before.  Hence  in  this  esse, 
when  the  proportional  angular  error  is  diminUihed  to  one- 
quart  v,  the  corresponding  projiortional  error  in  the  tan« 
ffents  is  increased  four  timea  The  crowding  together  ol 
the  diviaioiis  on  the  tangent  scale  at  the  higher  readings 
is,  therefore,  a  correct  indication  of  the  inaccuracy  likely 
to  oocur  in  taldng  readings  in  that  part  of  the  scale. 

18.  Beat  Deflection  to  use  with  a  Tangent  Oal- 
VUiOiQeter. — It  can  be  shown  that  if  one  current  strength 
has  to  be  measured  by  a  tangent  galvanometer,  the  result, 
other  things  being  the  same,  will  be  most  accurate  when 
the  deflection  produced  is  45^ ;  or  if  two  currents  are  to 
he  measured,  the  measurements  will  be  most  accurate 
when  the  deflections  are  as  nearly  as  possible  at  equal 
distances  on  the  two  sides  of  45°. 

19.  When  the  Tangent  Law  is  Tme. — Any  galvano- 
meter may  now  be  calibrated  either  relatively  or  abso- 
lutely, by  comparison  with  a  tangent  galvanometer ;  and 
if  the  galvanometer  to  be  calibrated  be  a  very  sensitive 
one,  a  tangent  galvanometer  with  a  bobbin  wound  with 
fine  wire  ^ould  be  selected.  Before,  however,  entering 
into  the  calibration  of  other  galvanometers  in  this  way,  it 
may  be  well  to  consider  under  what  circumstances  a  gal- 
vanometer will  be  a  tangent  galvanometer,  especially  as 
b^^inners  are  too  apt  to  think  that  if  the  law  of  some 
galvanometer  is  unknown  to  them,  then  it  must  be  the 
tangent  law. 

The  apparatus  shown  in  Fig.  13  enables  us  to  decide 
under  what  conditions  a  force  acting  on  a  body  turning  on 
a  pivot  is  proportional  to  the  tangent  of  the  angle  through 
which  the  body  is  deflected  from  the  position  it  had  before 
the  force  acted  on  it.  A  short  piece  of  wood,  n  k'^  turning 
on  a  pivot,  o,  is  acted  on  by  a  weight,  w,  which  produces  a 
force  constant  both  in  magnitude  and  direction.  Variable 
weights,  V,  are  put  into  the  scale-pan  hanging  at  the  end 
of  a  long  cord,  which  passes  over  a  distant  pulley,  p,  and 
which  is  attach  3d  at  its  other  end  to  the  piece  of  wood 
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at  ».  The  height  of  the  piilley,  p,  is  such  that  the  lone; 
portion  of  the  cord  is  horixonlai  when  M  v"  'fl  vertacal, 
chat  is,  when  there  is  no  -weight  in  the  scale-pan,  which 
in  the  figure  is  shown  holding  a  weight,  w".  And  owing- 
to  the  pulley  being  distant  bvm  v  s",  the  long  portion  of 
the  cont  remains  nearly  honzonta],  even  when  the  piece 


Pts-tt. 

of  wood  s  s'  is  deSectcd  throa|^  an  angle.  Under  these 
oKuiusUnew  experiment  shows  that  the  weighto  w'  pnt 
w««MrelT  mto  the  «*le-p«i  «,  proportkial  to   the 

disunce  ....  ,„,- .  , ^  thT^tion  •  on  the 

g  w  cuts  the  Bcale  when 
rhovtbe  punter  r  s  cnts 
IT  the  vci^t  pat  into  the 
F  divided  bj  «o  is  the 
ich  X  k'  is  deflected,  and. 
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therd^ore,  since  «  o  is  a  constant  length,  #  p  is  proportional 
to  the  tangent  of  the  angle  through  which  N  n'  is  deflected. 
Hence  with  the  apparatus  the  tangent  law  holds.  What 
are  the  conditions  of  the  apparatus!    They  are : — 

Ist^  The  eontrolUng  /oree  i$  unaliered  in  fnaynhtids 
and  direetion  by  the  motion  o/w', 

2nd.  The  de/UcHng  force  alfoay»  acU  in  the  same 
direetionj  and  at  right  angleeto  the  controlling  f oree. 

Hence,  whenever  these  two  conditions  are  fulfilled 
the  deflecting  force  will  be  measured  by  the  tangent  of 
the  angle  of  deflection. 

20.  Preceding  Conditions  are  Fnlfllled  in  the  Tan- 
gent Galvanometer. — ^The  first  condition,  constancy  in 
magnitude  and  direction  of  the  controlling  force,  is  prac- 
tically fulfilled  in  all  galvanometers  where  the  controlling 
force  is  produced  by  a  distant  magnet^  since  such  a  mag- 
net produces  a  practically  uniform  magnetic  field  through- 
out the  space  in  which  the  galvanometer  needle  can 
move^  for,  as  the  length  of  the  needle  is  small  compared 
with  its  distance  from  the  poles  of  the  controlling  magnet, 
the  controlling  force  exerted  on  the  needle  cannot  be 
materially  altered  in  magnitude  and  direction  when  it  is 
deflected.  In  all  galvanometers,  therefore,  in  which  the 
controlling  force  is  due  to  the  attraction  produced  by  the 
earth's  magnetism,  condition  (1)  is  absolutely  fulfilled 
Next  with  reference  to  condition  (2) — with  all  flat  coils 
the  magnetic  force  due  to  a  current  passing  round  them 
is  perpendicular  to  the  plane  of  the  coil  for  all  points  in 
the  plane  of  the  coiL  But  the  direction  of  this  force 
rapidly  alters  as  we  proceed  outside  the  coil,  unless  we 
are  near  the  axis,  in  which  case  the  direction  of  the  force 
remains  practically  perpendicular  to  the  plane  of  the  coiL 
And,  indeed,  for  all  points  on  the  axis  itself  the  magnetic 
force  is  strictly  perpendicular  to  the  plane  of  the  coil,  that 
IB,  acts  along  the  axis.  In  Fig.  14  are  seen  a  number 
of  lines,  called  *^  lines  of  forced  These  lines  tell  us  the 
paths  along  which  a  magnetic  pole  would  be  pulled,  or 
pushed,  by  the  action  of  a  current  passing  round  a  circular 
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wir«  or  cml*  peipendicnlnr  to  the  pftper,  and  oattang  it  in 
the  two  snikll  drcles  e  &  It  will  ba  seen  thftt  at  any  point 
p  on  the  axis  a  a  ot  the  coil  tlie  directicm  is  evrrywhen 
perpendicular  to  the  plane  of  the  coil,  also  that  near  the 
axis  the  directioQ  is  nearly  perpendioolartothis  plane  for 


a  ooniiiderable  didtance,  while  near  the  coil  itself  the 
direction  of  the  force  chungee  rapidly-  Hence,  if  we  sus- 
pend at  the  centre  of  a  coil  a  very  short  magnetic  needle, 
m  m,  having  a  length  not  greater  than  one-tenth  or  one- 

*  ma  win  or  ooU,  the  pUofl  of  which  ii  in  realitr  perpendienlar 
to  that  of  the  pnier,  ii  re|ve*eated  in  tho  Sgnra  in  a  Uiid  of  ofcliqDO 
jti™  bj  >  rfouble  line. 
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twelfth  the  diameter  of  the  ocnly  the  deflecting  foroe  due 
to  a  current  paaaing  roand  the  ooil  wiU  be  perpendi- 
cular to  the  plane  of  the  coil,  eren  after  the  needle  is 
deflected,  and  will  be  alao  perpendicular  to  the  contrc^ling 
force,  if  the  controlling  force  acta  in  the  plane  of  the 
coil,  that  ia,  if  the  coil  is  eo  placed  that  its  plane  containa 
the  magnetie  axis  of  the  suspended  needle  when  no  cor- 
rent  is  passing  through  the  coiL 

In  fisct^  if  the  coil  oooapies  the  position  of  the  semi- 
circular wire  seen  in  Fig.  13,  and  if  this  wire  is  in  the 
**pla7ie  qf  the  nuxgngHe  meridian,***  the  conditions  neoes- 
saiy  for  the  deflecting  force  bdng  proportional  to  the 
tangent  of  the  deflection  will  be  fi^fllled. 

We  have  seen,  from  the  experiment  described  in  {  15, 
page  36,  that  the  tangent  of  tiie  deflection  of  the  needle 
of  a  tangent  galvanometer  is  directly  proportional  to  the 
corrent  strength,  or  simply  to  the  cnrrent ;  hence,  we 
may  oondnde  that  the  force  acting  on  a  magnetic  pole  at 
a  fixed  point  on,  or  near,  the  axis  of  a  drcolar  coil  is 
directly  proportional  to  the  current  flowing  round  that 
coiL  Later  on  we  shall  see  that  this  law  is  true  for  a 
fixed  magnetic  pole  in  any  position  relatiyely  to  the  coil 
acted  <Hi  by  a  current  flowing  round  a  coU  of  any  shapa 

It  is  not  necessary  that  the  coil  of  a  tangent  galva- 
nometer should  be  drcnlar,  but  in  order  to  obtain  the 
straightness  of  the  lines  of  force  in  the  neighbourhood  of 
the  axis,  as  seen  in  Fig.  14,  and  not  merely  for  points 
actually  <m  the  axis,  of  which  we  could  only  avail  our- 
selves by  using  an  infinitely  short  magnet^  ^e  diameter 
of  all  parts  of  the  coil  must  be  larga  Hence,  if  an 
elliptic,  or  other  non-circular  coil,  were  used,  its  smallest 
diameter  would  have  to  be  large,  and  consequently  its 
laigest  diameter  unnecessarily  sa 

From  what  has  been  said,  and  from  an  examination 
of  Fig.  14,  it  will  be  seen  that  for  very  mnaU  deflections 
of  the  needle  any  galvanometer,  no  matter  what  be  the 


•  The  **plane  of  ih»  magneUe  meridian**  at  anv  pUoe  ii  that 
wticAl  pkne  in  whieh  lies  th»  asis  of  a  oompaw  BMdle. 
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size  of  the  needle  and  of  the  coil,  or  how  near  be  the  con- 
trolling magnet^  will  be  a  tangent  galvanometer.  And 
further,  since  the  tangents  of  very  small  angles  are  simply 
proportional  to  the  angles,  the  deflections  of  the  needle, 
as  long  as  they  are  very  small,  in  any  galvanometer  are 
directly  proportional  to  the  strengths  of  the  currents  pro- 
ducing them. 

21.  Adjusting  the  Ck>il  of  a  Tangent  (Galvanometer. 

— ^Returning  now  to  ordinary  tangent  galvanometers  to 
be  used  for  large  deflections,  how  can  we  adjust  the  coil 
so  as  to  be  sure  that  its  plane  contains  the  axis  of  the 
needle  1  Owing  to  tlie  coil  having  a  certain  breadth,  it 
is  impossible  to  si^e  the  needle  when  looking  down  on'  to 
the  coil ;  indeed,  it  is  for  this  reason  that  the  long  light 
pointer  attached  to  the  needle  is  placed  at  right  angles 
to  the  needle.  It  would  not  be  right  to  assume  that  be- 
cause the  instrument  has  been  so  turned  that  the  pointer 
points  to  the  zero  on  the  scale,  therefore  the  plane  of  the 
coil  contains  the  magnetic  axis  of  the  needle,  for  even  if 
the  scale  has  been  attached  to  the  instrument  so  that  the 
line  of  zeros  is  at  right  angles  to  the  plane  of  the  coil,  it 
does  not  follow  that  the  pointer  itself  is  at  right  angles 
to  the  needle.  The  two  may  even  have  been  placed  at 
right  angles  to  one  another  by  the  maker,  and  yet  the 
pointer  may  have  been  bent  subsequently,  so  that  they 
are  not  at  right  angles  at  present ;  or  no  experiment  may 
have  been  made  by  the  maker  to  test  this,  as  he  is  aware 
that  the  user  will  probably  make  a  test  and  adjust  the 
pointer  for  himself.  This  test  may  most  simply  be  made 
as  follows  : — Turn  the  instrument  until  the  pointer  points 
to  0°,  send  any  convenient  current  through  it,  and  obseiTe 
the  deflection,  then  reverse  the  direction  of  the  current 
without  altering  its  strength,  and  observe  the  deflection  on 
the  other  side.  If  these  deflections  are  exactly  equal,  then 
the  plane  of  the  coil  contains  the  axis  of  the  net^dle  when 
the  pointer  points  to  0^,  and  the  instrument  is  properly 
adjusted.  But  if,  on  the  other  hand,  one  deflection  is, 
say,  47°  to  the  left,  and  the  other,  say,  44°  to  the  right,  the 
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liointer  is  not  at  right  angles  to  the  magnetic  axis  of  the 
needle,  sapposing,  of  ooarse,  that  the  Male  hts  been  so 
fixed  that  the  line  of  z'^ros  is  exactly  at  right  angles  to 
the  plane  of  the  coiL  Next^  turn  the  instrument  a  little 
about  its  centre  in  the  direction  opfiosite  to  that  in 
which  the  needle  moved  when  the  greater  deflection  was 
obtained.  The  pointer  will  now,  of  course,  not  point  to 
zero ;  let  it  stand  at  P  to  the  left  Again  send  a  current, 
first  in  one  direction,  obtaining  a  deflection,  saj,  46°  to 
the  left,  and  in  another  direction,  when  it  gives  a  deflec- 
tion o^  say,  45°  to  the  right.  Now  remembering  that  the 
pointer  started  from  1°  to  the  left,  the  true  deflections  of 
^  needle  are  respectiyely,  46°  - 1°,  or  45°  to  the  left, 
and  45°  +1°,  or  46°  to  the  right.  Hence,  the  fault  is 
now  on  the  other  side,  or  the  left  deflection  is  smaller  than 
the  rights  and  we  have,  consequently,  turned  the  instru- 
ment too  much.  Turn,  thei-efore,  the  coil  raund  a  very 
little  in  the  opposite  direction,  so  that  when  no  current 
is  passing  through  the  instrument  the  pointer  stands  at» 
say,  J°  to  the  lefb^  and  send  as  before  reverse  currents 
of  equal  strength,  obtaining  apparent  deflections,  45^°  to 
the  left  and  44^°  to  the  right,  which,  corrected  for  the 
initial  zero  error,  correspond  with  equal  deflections  of 
45°  to  either  sida 

The  instrument  will  now  be  correct  when  it  is  so 
placed  that  for  no  current  the  pointer  stands  at  ^°  left, 
and  it  can  be  so  used,  but  not,  however,  with  the  tan- 
gent scale.  To  enable  us  to  employ  the  side  of  the 
dial  graduated  in  tangents,  as  well  as  to  avoid  having  to 
remember  the  ^°  left  error,  do  not  alter  the  position  of 
the  instrument^  but  bend  the  pointer  until  it  points  to 
0°  for  the  same  position  of  the  instrument  in  which 
it  previously  pointed  to  ^°  left  The  instrument  will 
now  behave  as  a  correct  tangent  galvanometer  when  the 
pointer  stands  at  0°  for  no  current 

We  have  spoken  of  reversing  the  direction  of  the  cur* 
cent  without  altering  its  value.  Thrs  may  be  done  by 
causing  the  ourrent  to  pass  throu^^  any  galvanoscopei 
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the  law  of  which  may  be  quite  nnknown ;  and  taking  care 
that  the  deflection  of  the  needle  afiber  the  cmrent  has 
been  reversed  is  the  same  in  amoont  as  it  was  before 
the  current  was  reversed;  indeed,  if  we  reverse  the 
connections  of  the  galvanoscope  at  the  same  time  that 
we  reverse  the  connections  of  the  battery  or  other  cur* 
rent  generator  employed  in  the  experiment^  it  will  not  be 
even  necessary  to  know  that  the  coil  and  needle  of  this 
auxiliary  galvanoscope  are  symmetrical,  or  that  the 
strength  of  a  current  producing  a  deflection  to  the 
right  is  the  same  as  that  of  a  current  producing  a  de> 
flection  to  the  left 

2S.  Variation  of  the  Sensibility  of  a  Oalvanomet6r» 
with  the  number  of  Windings  and  with  the  Dia- 
meter of  the  Bobbin. — ^A  tangent  galvanometer,  on  the 
bobbin  of  which  a  short  thick  wire  has  been  coOed,  can  be 
calibrated  absolutely  by  direct  comparison  with  a  volta- 
meter. To  obtain  a  more  delicate  tangent  galvanometer, 
we  must  replace  this  thick  wire  with  many  turns  of  fine 
wire,  and  the  numbers  of  amperes  or  fractions  of  an 
ampere  producing  any  particuliur  deflection  on  this  deli- 
cate galvanometer  will  also  be  known  if  we  know  the 
exact  change  in  the  sensibility  produced  by  replacing  the 
thick  wire  with  many  turns  of  fine.  The  apparatus  shown 
in  Fig.  15  is  for  the  purpose  of  enabling  this  to  be  ex- 
perimentally tested,  as  well  as  for  testing  the  variation  in 
sensibility  produced  by  altering  the  diameter  of  the  coiL 
^  ^  is  a  flat  cylindrical  box,  containing,  as  in  Fig.  6,  a 
s<»Je  fikstened  to  its  bottom,  and  a  short  needle  carrying 
a  long  light  pointer,  suspended  by  a  short  piece  of  unspun 
silk,  fiistened  to  the  centre  of  a  circular  piece  of  glass, 
forming  the  cover,  c  o  is  a  bobbin  of  large  diameter,  and 
such  that  its  centre  is  exacUy  the  same  height  above  the 
base-board  b  B  as  is  the  centre  of  the  suspended  magnetic 
needle,  ce  is  a  smaller  bobbin,  of  which  the  diameter  is 
exactly  half  that  of  the  larger  bobbin,  but  still  large  com- 
pared with  the  length  of  the  suspended  magnet.  The 
centre  of  the  smaller  bobbin  is  also  on  the  same  level 
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u  tHe  Biupended  m^net  when  the  boae-board  &  £  of  the 
(DiAller  bobbin  is  plsced  on  that  of  the  Urger.  On  the 
larger  bobbin  c  c  &i-e  wonnd  two  dietiiict  coila  of  insulatfid 
wire,  one  conguting  of  twelve  convolntionB,  and  having  its 
ends  atbched  to  two  of  the  binding  acrewg,  1,  2,  the  other 


of  four  cosTolntionB,  and  having  ita  ends  attached  to  the 
other  two  binding  screws,  3,  4.  If  the  binding  screw  2  at 
the  end  of  the  first  coil  be  joined  by  a  piece  of  wire,  as 
shown  in  the  figure,  to  the  binding  screw  3  attached  to 
the  beginning  of  the  second,  the  current  will  go  12  +  4, 
or  sixteen  times  round  the  bobbin  ;  whereas  if  the  wire 
connect  the  end  of  tiie  first  coil,  2,  with  the  end  of  die 
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second.  4.  and  the  current  enter  and  finally  leave  the 
bobbin  by  the  two  binding  screws  1,  3,  attached  respec- 
tively to  the  beginnings  of  the  two  coils,  then  the  current 
will  go  twelve  times  round  the  bobbin  in  one  direction 
and  four  times  in  the  other,  or  practically  12-4,  or 
eight  times  round  the  bobbin.  Now,  experiment  shows 
that  if  the  controlling  magnet  be  untouched,  and  a  cur- 
rent of  constant  strength  be  passed  successively  first  four, 
then  eight,  then  twelve,  then  sixteen  times  round  the 
bobbin,  which  is  kept  fixed  in  position  during  the  expe- 
riment, the  tangents  of  the  corresponding  deflections  pro- 
duced will  be  as  four  to  eight,  to  twelve  to  sixteen,  that  is, 
simply  proportional  to  the  number  of  times  the  current 
passes  round  the  bobbin.  The  constancy  of  the  current 
can  be  tested  by  the  deflection  on  the  auxiliary  galvano- 
scope  G,  and  if  the  insertion  in  the  circuit  of  the  greater 
or  less  number  of  coils  on  the  bobbin  o  c,  or  any  other 
cause,  tends  to  make  it  vary  in  strength,  its  constancy 
can  be  maintained  by  sliding  the  screw  clip  8  along  the 
stretched  wires  w  w,*  by  means  of  which  the  length  of  the 
wire  in  the  circuit  can  be  increased  or  diminished,  and 
the  current  strength  diminished  or  increased.  If  we  next 
experiment  with  the  bobbin  e  c  of  half  the  diameter,  and 
on  which  a  coil  of  four  convohitions  is  wound,  we  find 
that  if  the  two  bobbins  be  placed  so  as  to  be  in  one  plane, 
and  if  their  centres  coincide  with  that  of  the  suspended 
magnet,  the  tangent  of  the  deflection  produced  by  a 
certain  current  flowing  round  the  smaller  one  is  twice  as 
great  as  the  tangent  of  the  deflection  produced  by  the 
same  current  flowing  four  times  round  the  larger  bobbin ; 
and  also  if  the  same  current  pass  four  times  round  the 
smaller  in  one  direction,  and  eight  times  round  the  larger 
in  the  opposite  direction,  that  no  deflection  is  produced 

*  To  prevent  these  wires  being  aoeidentaUy  damAge^  it  ia  better 
to  put  them  in  a  groove  formed  in  the  base-boaxd  instMbd  of  above  the 
board  as  shown  in  Fig.  15.  In  that  case  it  is  convenient  to  shape  the 
clip  i  so  that  it  oan  sude  in  thd  groove  in  the  base-board,  the  ends  ol 
the  clip  being  gnlded  by  the  sides  of  the  groove. 
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From  this  we  learn  that  the  tansrent  of  the  deflection 
prodneed  by  a  current^  that  is,  the  $ensihility  of  tJie 
insirtumerU  is  directly  proportioned  to  the  number  oj 
convohUions  of  toirey  and  inversely  proportional  to  their 
diameter.  On  the  bobbin  c  c  the  sixteen  convolutions  of 
wire  all  occupy  practicallj  the  same  ix)6ition  relatively  to 
the  suspended  magnet.  If,  however,  many  turns  ai-e  to 
be  wound  on  a  bobbin,  the  bobbin  will  have  a  certain 
depth  in  the  direction  of  the  diameter  of  the  coil,  and  a 
certain  width  at  right  angles  to  the  plane  of  the  coiL  The 
eiTor  introduced  by  the  depth  of  the  coil  is  that  of  making 
tlie  convolutions  of  wire  have  different  diameters,  and 
the  effect  of  this  we  have  just  seen.  The  error  intro- 
duced by  the  width  of  the  coil  can  be  seen  by  observing 
how  the  deflection  produced  by  a  constant  current  vaiies 
as  the  bobbin  co  is  moved  parallel  to  itself  along 
its  axis.  The  additional  error  introduced  by  the  non- 
centring  of  the  coil  and  the  needle  may  also  be  experi- 
mentally investigated  by  examining  how  the  deflection 
produced  by  a  constant  current  alters  as  the  bobbin  is  slid 
in  its  own  plane. 

It  is  not  necessary  in  this  book  to  consider  exactly 
how  to  correct  these  errors,  nor  the  error  arising  from 
the  diameter  of  the  bobbin  in  all  actual  tangent  galva- 
nometers not  being  infinitely  large  compared  with  the 
length  of  the  needle ;  and  it  will  be  sufficient  to  state 
that  with  a  tangent  galvanometer  made  with  a  single 
bobbin  having  a  rectangular  channel,  within  which  the 
coils  of  insulated  wire  are  to  be  wound.  Prof.  Silvanus 
Thompson  has  shown  that  the  tangent  law  is  most  ac- 
curately fulfilled  when  the  depth  of  the  channel  in  the 
radial  direction  bears  to  the  breadth  in  the  axial  direction 
the  ratio  of 

v/3toV^, 

or  about  eleven  to  nine. 

When  an  experiment  is  made  to  determine  the  altera- 
tion in  sensibility  produced  by  moving  the  coil  parallel  to 
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itself  along  its  axis,  it  is  found  that  the  tangent  of  the  de- 
flection produced  by  the  same  current  when  a  coil  of  radius 
r  is  made  to  occupy  different  positions  parallel  to  itself  at 
distances  Xy  measured  along  the  axis  from  the  centre  of 
the  needle,  is  proportional  to 

r» 

that  is,  the  sensibility  of  the  galvanometer  is  proportional 
to  this  expression. 

Example  9. — A  tangent  galvanometer  is  made  with 
two  coils  of  equal  diameter,  the  first  consisting  of  500 
convolutions  of  wire,  the  second  of  one  convolution.  If 
a  current  of  0*25  ampere  sent  through  the  first  cause  a 
deflection  of  45%  what  current  sent  through  the  second 
in  the  opposite  direction,  while  the  same  current  was 
still  flowing  through  the  first,  would  cause  the  deflection 
to  become  one  of  10° ) 

Let  X  be  the  unknown  number  of  amperes : 

Then  ^QQ  x  0*25 -a?  _  tan.  10^ 
oOO  X  0-25  ■"  tan.  45° 

Answer, — 103  amperes. 

Example  10. — A  galvanometer  is  about  to  be  con* 
structed  of  two  coib :  the  first,  six  inches  in  diameter, 
consists  of  350  convolutions  of  wire;  the  second  has 
two  convolutions  only.  A  current  of  0*4  ampere  sent 
through  the  first  causes  a  deflection  of  30°.  What  must 
be  the  diameter  of  the  second  coil,  in  order  that  a  cur^ 
rent  of  80  amperes,  in  the  opposite  direction,  sent  through 
it,  while  0*4  amperes  is  still  flowing  through  the  fixvt, 
may  cause  the  deflection  to  become  5°  1 
Let  X  be  the  diameter  of  the  second  ooiL 
Since  the  effect  of  the  current  is  directly  proportional 
to  the  number  of  convolutions,  and  inversely  proportional 
to  the  diameter — 
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0-4  X  850      80  xa 

6  X  tan.  5^ 


0-4  X  350  tan.  30^ 

6 

Answer, — 8  inches  nearly. 

ExampU  11. — ^A  galvanometer  is  about  to  be  con- 
structed of  two  iX)ils :  the  first,  seven  inches  in  diameter, 
consists  of  600  convolutions  of  wire;  the  second  is  to 
be  5*5  inches  in  diameter.  A  current  of  0*1656  ampere 
sent  through  the  first  causes  a  deflection  of  40^.  Of 
how  manj  convolutions  of  wire  must  the  second  coil 
consist,  in  order  that  while  0*1656  ampere  is  still  flowing 
llirough  the  first,  a  current  of  65  amperes  flowing  through 
the  second  may  cause  the  deflection  to  become  8^  f 

Answer, — One  convolution. 

S8.  Thomson's  Galvanometer  for  laxg%  Currents. — 

A  tangent  galvanometer,  with  a  scale  graduated  in  tan- 
gents, and  controlled  by  a  permanent  magnet  rigidly  fixed 
to  the  instrument,  has  been  arranged  by  Sir  William 
Thomson,  and  is  shown  in  Fig.  16.  It  has  the  peculiarity 
that  Uie  needle,  scale,  and  permanent  magnet  m  can  be 
slid  along  a  bowi  p,  and  so  withdrawn  parallel  to  itself 
&rther  and  farther  from  the  action  of  the  coil  o ;  hence  a 
wide  range  of  sensibility  can  be  given  to  the  instrument,  in 
accordance  with  the  last  formulas.  To  prevent  the  current 
which  flows  in  the  long  wires  connecting  the  galvano- 
meter with  the  rest  of  the  circuit  acting  directly  on  the 
suspended  magnetic  needle,  these  coming  and  going  wires 
are  twisted  together  into  a  form  of  cable,  which  is  shown 
in  the  figure,  and  which  is  supplied  with  the  instrument 
The  advantage  of  this  galvanometer  is  that,  first,  owing 
to  its  being  a  tangent  galvanometer  the  ratio  of  two 
current  strengths  can  be  very  accurately  compared; 
secondly,  from  the  method  of  sliding  the  needle  away  from 
the  coil,  two  currents,  widely  differing  in  strength,  can  be 
compared.     The  disadvantage  is  that^  on  account  of  the. 
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Htiiall  action  that  the  coil,  < 
i-ent  flowing  round  it,  can 


with  a 


L  the 


they  are  at  opposite 
ends  of  the  base- 
board, the  coiiti'oUing 
force  of  the  perma- 
nent magnet  has  to 
Ire  kept  small ;  hence 
the  inatrument,  as  ne 
fihall  eee  afterwards, 
cannot  be  made  very 
"  dead  beat "  (see  §  38, 
page  78),  and  fur- 
ther, the  indications 
are  much  disturbed 
by  any  external  mag- 
net. In  fact,the  in- 
strument is  rather  for 
use  iu  a  laboratory, 
where  the  magnetic 
field  is  constant  in 
strength,  and  known, 
than  in  a  dynamo 
room  or  workshop, 
where  large  pieces  of 
iron  and  powerful 
magnets  are  being 
moved  about, 

24.  Values  in 
Amperes  of  the  Da- 
flections  of  a  Tan- 
g-ent  Galvanametflr 
controlled  only  by 
the  Earth's  Uag- 
netism.  — The  sersi- 
bility  of  a  tangent 
in  the  bobbin,  but  also 
a  the  strength  of  the  controlling  field.     If,  however,  the 


galvanometer  de])endR  not  merely 
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"hortzofUal  eomponeni  of  the  earth's  magnetie  force***  in 
London  be  alone  employed  as  the  controlling  force,  and 
if  the  instrament  be  used  with  the  centre  of  the  coil  and 
the  centre  of  the  needle  coinciding,  then  the  connection 
between  the  current  A  in  amperes,  the  deflection  d  in 
degreesy  the  radius  r  of  the  coil  in  inches,  and  the  number 
of  convolutions  N  of  wire  on  the  bobbin,  is  given  by 
the  following  equation  for  1886 ; 

^  _.  073735  X  r  X  tan,  tf 

N  ' 

the  coefficient  0'73735  for  1886  becoming  0*73844  for 
1887,  0-73953  for  1888,  and  074062  for  1889.  From 
this  it  follows  that  in  the  year  1887  a  deflection  of 
45°  will  be  given  by  one  ampere  when  there  are  five 
convolutions  of  wire  on  a  bobbin  6 '77 2  inches  in 
radius. 

Example  12. — How  many  amperes  would  deflect  the 
needle  of  a  tangent  galvanometer  60°  in  the  year  1886, 
the  controlling  force  being  the  horizontal  component  of 
the  earth's  magnetism,  and  the  galvanometer  having 
a  bobbin  five  inches  in  radius,  wound  with  six  con- 
volutions of  wire  f 

fifu          x^     t                '    0-73735  X  5  X  v3 
The  number  of  amperes  is    -— . 

AjistDer, — 1-064  amperes. 

Example  13. — Through  what  angle  would  0*598 
ampere  deflect  the  needle  of  a  galvanometer  with  a 
bobbin  seven  inches  in  radius,  wound  with  five  con- 
volutions of  wire,  in  the  year  1888,  the  controlling 
force  being  the  horizontal  component  of  the  earth's 
magnetism  ? 

*  The  horiaovUdl  eomponerU  of  the  earth*i  magnetie  force  b  that 
portion  of  the  earth's  foree  which  eete  on  a  oompaai  needle. 
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0*598        —  0*73953  x  7  x  tan,  rf 

0-73953  X  T 
=  0-5775 
d  =s  30°  Antwer. — 30**. 


•  • 


HaTuig  tan.  d,  d  may  be  found  either  by  looking  in  a 
table  of  tangents  or  in  tiie  following  way  : — 

Take  a  sheet  of  squared  paper,  and  on  it  select  two 

a^es,  or  lines  of  reference,  o  z,  o  t,  at  right  angles  to  one 

another.     Choose  any  number  of  the  divisions  on  your 

paper  to  represent  unity,  taking  care  that  there  are  more 

than  100  of  these  larger  divisions  along  ox,  and  at  least 

58  along  ot.     These  numbers  are  chosen  because  the 

tangent  of  the  angle  required  is  approximately  given  by 

57-7 
the  ratio  ttw^*     Along  o  x  mark  off  o  a,  equal  to  100  of 

the  divisions,  then  on  the  line  through  a,  parallel  to 
o  T,  mark  off  a  b  as  nearly  as  possible  equal  to  57*7  of  the 
divisions.     Join  o  &     Then  b  o  a  is  the  angle  dm 

Fortan.  boa  =  ^-^ 

OA 

57-7 

■"  100 
=  tan.  d. 

The  angle  d  may  now  be  found  by  means  of  a  pro- 
tractor. 

Example  14. — If  the  horizontal  component  of  the 
earth's  magnetism  in  1887  be  the  controlling  force  in  a 
tangent  galvanometer,  the  bobbin  of  which  is  11  inches 
in  diameter,  how  many  convolutions  of  wire  must  be 
wound  on  the  bobbin  in  order  that  a  current  of  1*015 
amperes  may  give  a  deflection  of  45°  1 

Ansujer, — 4  oonvolutiongi 
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Example  15. — If  tlie  horismtal  oompoDent  ol  the 
eartli's  magnetum  in  1885  be  the  oontrolting  force  in  a 
tangent  galvanometer^  the  bobbin  d  irhidi  is  wound 
with  ei^t  ocmToliitionB  of  wire,,  what  mnst  be  the  radios 
of  the  bobbin  in  order  that  a  current  of  0*384  ampere 
may  give  a  deflection  of  50°  t        Aww&r. — 3^  inche& 

Tan.  50°  may  be  found  either  in  a  table  of  tangents 
or  in  ihe  following  way : — 

Take  a  sheet  of  squared  paper ;  on  it  take  axes  o  z, 
oy;  with  a  protractor  make  the  angle  box,  equal  to 
50°,  and  prodnce  OB  as  far  as  ike  paper  will  allow.  Let 
▲  B  be  the  farthest  line  from  o,  parallel  to  OT,  which  cats 

B  o.    Then  tan.  50°  =  —  . 

OA 

Count  the  number  of  divisions  and  fractions  ol  a 
division  in  a  B  and  o  a,  and  divide  the  one  by  the  othei. 

If  the  angle  be  large,  great  care  must  be  taken  to  lay 
it  down  accurately  with  the  protractor,  since  a  small 
erfOT  in  a  large  angle  will  introduce  a  large  error  in  the 
tangents 

Example  16. — About  how  many  times  the  horizontal 
component  of  the  earth's  magnetism  must  the  controlling 
force  be  in  a  tangent  galvanometer,  having  a  bobbin  five 
inches  in  radius  wound  with  six  convolutions  of  wire,  in 
order  that  a  current  of  20  amperes  may  make  a  deflection 
of  45°  1  Anttoer, — Nearly  32^  times. 

S6.  OalvanometerB  haviiig  an  Invariable  Absolnte 

Calibration. — In  order  that  ^e  absolute  calibration  of 
any  galvanometer  may  remain  invariable,  the  magnetic 
field  in  which  the  suspended  magnet  moves  must  remain 
constant  in  strength ;  and  if  the  galvanometer  is  to  be 
moved  about  near  masses  of  iron,  or  near  the  large  power- 
ful electromagnets  of  dynamo  machines,  probably  the 
most  satisfactozy  of  all  the  methods  that  have  been  tried 
for  securing  approximate  constancy  of  the  controlling 
field  iei  either  to  attach  a  powerful  permanent  magnet 
to  the  instrument^  or  still  better  to  substitute  the  force  of 
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ft  gpring  for  a  magnetio  oontroUiiig  force.*  In  either 
case  tins  controlling  force  must,  of  course,  be  large 
oomparecl  with  any  magnetic  forces  that  are  likely 
to  be  exerted  by  outside  magnets  on  the  suspended 
needle,  and  must  be  very  many  times  as  large  as  that 
due  to  the  earth's  magnetism.  But,  in  that  case,  un- 
less the  instrument  is  only  to  be  employed  to  measure 
the  most  powerful  currents,  the  coil  must  be  near  the 
needle,  so  that  the  co&dition  (Na  1,  page  36)  for  obtain- 
ing the  tangent  law  cannot  be  complied  with.  And  gene- 
rally the  necessity  of  having  a  coil  of  very  large  diameter 
compared  with  the  length  of  the  needle  makes  a  tangent 
galvanometer  unsuitable  for  a  portable  galvanometer,  or 
else  necessitates  the  employment  of  so  short  a  needle  that 
its  oscillations  are  much'  impeded  by  the  mass  of  even  an 
extremely  light  pointer  attached  to  it  Hence  with  all 
portable  galvanometers,  and  especially  in  the  case  of  those 
which  may  be  used  near  massea  of  iron  or  dynamos 
without  serious  error,  it  is  better  to  abandon  any  attempt 
to  obtain  the  tangent  law,  and  calibrate  the  galvano- 
meter-by  direct  comparison  with  a  tangent  galvanometer. 
26.  Calibrating  any  Oalvanometer  by  Direct  Com- 
parison with  a  Tangent  Oalvanometer. — Fig.  17  shows 
the  simplest  way  of  doing  this,  o  is  the  standard 
tangent  galvanometer,  D  the  galvanometer,  which,  if 
rough  and  portable,  is  sometimes  called  a  '' detector," 
requiring  to  be  calibrated,  v  is  a  vessel  containing  two 
line  plates  dipping  into  a  small  quantity  of  a  solu- 
tion of  zinc  sulphate,  which  is  used  for  varying  the 
strength  of  the  currents  passing  through  o  and  D  by 
altering  the  distance  between  the  bottoms  of  the  platea 
The  wires  coming  from  the  generator  of  electricity 
are  attached  to  the.  terminals,  one  only  of  which,  t, 
is  seen  in  the  figure,  and  a  key  placed  between  o  and 
D  enables  the  current  to  be  made  or  broken.  As  the 
?ame  current  passes  through  o  and  D,  it  is  quite  nnneces- 

*  For  further  information  on  ihielding  galvariometen  from  extras 
meommagneUedisturhanee,  ms  §96, p.  73;  (68, p.  108;  and  §  202,  p.  99a 
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saiy  to  know  the  value  of  the  resiatanoe  introdnced  by  T ; 
all  that  has  to  be  done  is  to  obaerve  a  number  of  cor- 
reapoiidiiig  defle<:tioii8  of  the  neodleti  of  e  and  of  d,  then, 
since  the  tnie  value  of  the'  current  is  proportional  to  the 
tangent  of  the  deflection  in  o,  a  calibration  curve  can  be 
drawn  for  D,  in  which  horizontal  diatanoea  represent  the 
observed  angular  deflection  of  the  needle  of  d,  and  verti- 
cal distances  tJie  relative  strengths  of  the  curreots  pro- 
dacitig  theee  deflections.      If  the  number  of  amperes 


producing  any  pardcular  deflection  in  a  is  also  known, 
then  D  will  be  calibrated  absolutely. 

It  frequently  happens  that,  on  account  of  the  great 
increase  in  senaitivenees  produced  by  putting  the  wires 
eonveying  the  current  close  to  the  needle,  a  rough  galva- 
Bometer  with  a  few  turns  of  wire  is  even  more  sensitive 
than  a  tangent  galvanometer  with  many  turns.  Under 
such  circumstances  it  would  be  difficult  to  compare  them, 
as  a  large  deflection  on  D  would  only  correspond  with  a 
small  one  on  o,  and  a  smaller  deflection  on  d  would  not 
produce  deflections  on  q  large  enough  to  be  read  at  all 
accurately-  This  difficulty  may,  however,  be  overcome  by 
pntting  a  piece  of  wire  3  {Fig.  1 7),  a  "shutU  "  as  it  is  called. 


to  PRACnCAL  BLB0TRI0IT7.  CGhap.  lU 

between  the  terminals  of  d,  and  which  allows  a  porticm 
of  the  current  to  paw  thit>agh  it  instead  of  throng^ 
D.  As,  however,  for  the  same  shmit  the  same  JraeUon 
of  the  total  current  is,  as  we  shall  see  later  on  (page  178), 
always  shunted  past  d,  the  sensibility  alone  of  0,  and 
not  the  law  connecting  current  strength  with  de- 
flection, is  altered  by  using  such  a  shunt.  The  use  of 
a  shunt,  therefore,  alters  l£e  absolute  but  not  the  rela- 
tive calibration  of  a  galvanometer ;  consequently,  if  D  is 
absolutely  calibrated,  the  same  shunt  must  always  be 
employed  when  it  is  desired  to  use  the  absolute  calibra- 
tion curve  of  that  galvanometer. 

27.  Pivot  and  Fibre  Sospensiona. — The  galvano- 
meterso  and  ndiffer  akoin  another particuhur,  namely,in 
the  way  in  which  the  magnetic  needle  is  supported.  In  d 
the  little  magnet  has  a  jewel  in  its  centre,  and  rests  on  a 
sharp  pivot,  as  in  an  ordinary  pocket  compass ;  whereas 
in  o  the  needle  is  supported  by  a  fine  fibre  of  unspun 
silk,  the  upper  end  of  which  is  rolled  round  a  brass  pin 
hj  by  turning  which  the  needle  can  be  lowered  on  to  the 
card  8  «,  on  which  the  scale  is  engraved,  when  the  instru- 
ment is  being  carried  about,  or  ndsed  again  so  as  to  be 
in  the  centre  of  the  coil  when  the  instrument  is  in  use. 
The  fibre  suspension  introduces  far  less  friction  to  the 
motion  of  the  needle  than  the  best  jewel  and  pivot,  and, 
in  addition,  costs  iar  less ;  but  with  a  fibre  suspension  it 
is  generally  necessary  that  the  instrument  should  have 
levelling  screws,  such  as  are  seen  attached  to  g.  Fig.  17, 
and  that  it  should  be  levelled  before  being  used. 

There  is  one  form  of  fibre  suspension,  however,  which 
is  used  by  Sir  Wm.  Thomson  in  his  "  fnarine  ffolvano- 
meteTy*'  and  which,  although  not  employed  in  other  in- 
struments, has  advantages  that  make  it  worthy  of  more 
general  adoption  in  portable  galvanometers.  To  a  silk 
fibre  stretched  between  a  fixed  support  and  one  end  of  a 
spring,  there  is  attached  the  magnetic  needle  and  pointer, 
or  other  indicating  arrangement^  and  when  these  are  well 
balanced,  the  whole  instrument  may  be  tilted  through 


Chip.n.]  WHKS   THC  BIKB  LAV  IS  TRUE.  61 

sever&l  d^ireea  irlthont  any  practical  alteratioD  of  the 
deflection.     {See  §  93,  page  103.) 

8&  Sine  Law :  TTnder  what  Conditionfl  it  ia  Tnw. 
— When  the  controlling  force  acting  on  the  needle  of  a 
galvanometer  remains  constant  in  magnitude  and  direc- 
tion on  the  needle  being 
deflected  (a  result  that 
will  always  practically 
happen  when  the  control- 
ling force  is  produced  by 
the  attraction  of  a  diitant 
magnet),  there  is  a  very 
simple  plan,  suggested  to 
the  autMr  by  Rtj£  Carey 
Foster,  for  calibrating  the 
galvanometer  relatiyely 
by  employing  what  is 
known  aa  the  "  fine  prin- 
ciple," in  a  particular  way, 
and  which  does  not  require 
the  nse  of  any  other  gal- 
vanometer at  all  We 
have  already  seen  under 
what  conditions  a  force 
acting  on  a  body  is  pro- 
portional to  the  tangent  of 
tiie  angle  through  which 
the  body  is  deflected,  and 

in   a  similar  way  the  ap-  Fif.  ig. 

poratua  shown  in  Fig.  18 

will  enable  us  to  decide  under  what  circumfitances  a  force 
acting  on  a  body  is  directly  proportional  to  the  "  tine  " 
of  tiie  angle  of  deflection,  n  o  is  a  piece  of  wood,  in  this 
ease  not  necessarily  short,  turning  on  a  pivot  at  o,  and 
having  suspended  from  its  lower  end  a  weight  w,  which 
produces  a  force  constant  both  in  magnitude  and  direc- 
tion. The  same  end  of  the  piece  of  wood  n  o  is  also 
acted  upon  by  a  force  product  by  a  cord  carrying  the 
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scale-pan  in  whidi  is  placed  the  weight  w',  the  magnitude 
of  which  can  be  vari«l.  Now  experiment  shows  that,  if 
different  weights  be  successively  put  into  the  scale-pan, 
and  if  in  each  case  the  framework  a  6  carrying  the 
pulley  c  be  turned  about  the  centre  o,  so  that  the  piece 

of  wood  N  0  always  occupies  the  same 
position  relatively  to  A  B,  the  weight& 
are  proportional  to  the  horizontal  dis- 
tance (8  8,  Fig.  19),  measured  along 
the  scale  between  the  point  where  the 
cord  carrying  w  cuts  now,  and  where 
it  cut  it  when  w  was  nought.  But  s  s, 
or  PN,  which  is  equal  to  it,  divided 
by  K  o,  the  half-length  of  the  deflected 
lever,  is  equal  to  the  sine  of  the  angle 
PON,  through  which  N o  has  been  de- 
flected. It  is  also  obvious  that  turning 
.  A  B,  so  that  it  always  takes  up  the 
same  position  relatively  to  N  o,  is  only 
a  means  of  causing  the  angle  between 
the  cord  carrying  V  and  no  to  be 
constant,  in  order  that  the  only  change 
in  the  force  exerted  by  the  string 
carrying  w'  may  be  that  caused  by  the 
change  of  weight,  not  by  any  change 
in  the  direction  of  the  pull.  From 
this  we  conclude  that  in  order  that  a 
force  acting  on  a  body  turning  on  an 
axis  may  be  directly  proportional  to 
the  sine  of  the  angle  through  which  the 
body  is  deflected : 

^      1.  The  controlling  force   must  he 
eonaUmt  in  magnitude  and  direction. 

'  2.  The  deflecting  force,  although  variable  in  its  direc- 
tion in  space,  mtist  be  fixed  vn  direction  relatively  to  the 
deflected  body, 

29.  Preceding  ConditioiiB  are  Fulfilled  in  the  Sine 
Galvanometer. — In  any  galvanometer  in  which  the  con- 
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trolling  force  is  produced  by  the  earth's  magnetism,  or  hj 
sDj  distarU  fixed  magnet,  this  force  will  be  constant  in 
magnitude  and  direction,  and  independent  of  the  needle 
changing  its  position ;  also  the  deflecting  force  produced  by 
the  current  passing  round  the  bobbin,  can  be  made  to  have 
an  invariable  direction  relatively  to  the  needle,  if  the 
lx>bbin,  or  the  framework  of  the  instrument  to  which  the 
bobbin  is  attached,  be  turned  round  after  the  deflected 
needle ;  for  it  will  be  found  that,  although  on  turning  the 
bobbin  the  needle  turns  away  from  the  bobbin,  it  does 
not  turn  as  fast  as  the  bobbin.  Under  these  circum- 
stances, the  sine  of  the  angle  through  which  the  needle 
has  been  deflected  from  the  position  of  rest  which  it  had 
when  no  current  was  passing  through  the  bobbin,  will  be 
directly  proportional  to  the  current  strength.  Now,  ii 
the  coil  be  placed  so  as  to  have  a  fixed  position  relatively 
to  the  needle,  both  when  no  current  passes  through  the 
coil  and  when  a  given  current  passes  through  the  ooil, 
then  the  angle  through  which  the  coil  lias  to  be  turned  from 
the  first  position  to  the  second,  is  the  same  as  the  angle 
through  which  the  needle  has  been  deflected  ;  and  hence, 
in  the  so-called  sine  galv^anometers,  there  is,  in  addition 
to  the  scale  moving  with  the  bobbin,  an  independent 
fixed  scale,  to  show  through  what  angle  the  coil  has  been 
turned.  This,  however,  is- not  absolutely  necessary,  since, 
if,  after  the  coil  has  been  turned  until  it  has  the  fixed 
position  relatively  to  the.  needle,  the  current  be  inter- 
rupted, without  the  position  of  the  instrument  being 
disturbed,  then  the  needle  will  swing  back,  and,  after  a 
few  oscillations,  will  take  up  its  original  undeflected  posi- 
tion, the  angle  between  which  and  its  deflected  position 
will  be  the  angle  of  which  the  sine  has  to  be  taken. 

As  a  current  passing  through  a  ooil  has'  usually  the 
greatest  effect  on  a  magnetic  needle  suspended  inside  it 
when  the  axis  of  the  needle  is  perpendicular  to  the  axis  of 
the  coil,  this  is  the  fixed  position  of  the  coil  relatively  to  the 
needle  usually  adopted,  and.  the  one  in  which  the  pointer 
stands  at  0^  on  the  movable  scale.     But  this  particular 
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podtion  is  not  at  all  neoenary  for  the  fulfilment  of  the 
fline  law,  and  therefore  special  precautions  need  not  be 
adopted,  as  in  the  case  of  the  tangent  galyanometer  (000 
ante,  page  45),  to  insure  the  axes  of  the  needle  and  of 
the  coil  being  at  right  angles  when  the  pointer  stands  at 
zero  on  the  scale. 

Any  galYanouieter  which  is  controlled  by  a  distant 
magnet^  and  which  can  be  tamed  round  a  point  that  is 
approximately  the  centre  of  the  needle,  can  be  used  as  a 
sine  galvanometer,  and,  therefore,  can  be  calibrated  by 
the  employment  of  the  sine  principle.  All  that  is  neces- 
sary to  be  done  to  make  a  measurement  is  as  follows : — 
Place  the  instrument  so  that  the  pointer  points  to  some 
fixed  mark  on  the  scale ;  0^  is  a  convenient  mark,  but  not 
a  necessary  one;  then  send  any  convenient  current 
through  the  galvanometer,  obtaining  a  deflection  of,  say, 
di^.  Turn  the  instrument  until  the  pointer  again  points 
to  the  fixed  mark  on  the  scale.  Stop  the  current,  and 
observe  through  what  angle  D^^  the  needle  comes  back. 
D|^  will,  of  course,  be  larger  than  d°.  Now  turn  the  in- 
s^ment  round,  so  that  ^e  pointer  points  to  its  original 
mark  on  the  scale,  0°  for  example,  and  repeat  with  a 
second  current,  obtaining  in  the  same  way  deflections 
d,^  D,°.  Then  the  currents  produdng  the  deflections 
di°  and  d^°  respectively  with  the  galvanometer,  are  pro- 
portional to  the  sines  of  d^^  and  d,^. 

30.  Calibrating  a  Galvanometer  by  the  Sine  Hethod. 

— Fig.  20  shows  an  apparatus  arranged  for  calibrating 
the  ^vanometer  in  this  way.  Three  little  blocks  of  wood, 
two  only  of  which,  ce,  can  be  seen  in  the  figure,  are 
temporarily  fixed  so  as  to  allow  the  galvanometer  to  be 
turned  round  without  shifting  its  position,  a  precaution 
of  practically  no  consequence  if  the  controlling  force  be 
due  to  the  earth's  magnetism  alone,  but  desirable  if  the 
whole  or  part  of  the  controlling  force  is  produced  by  a 
not  very  distant  magnet.  Of  course  the  magnet  must  be 
so  far  away  that  neither  the  magnitude  nor  direction  of 
its  attraction  on  the  suspended  needle  is  altered  by  the 
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turning  of  the  needle ;  but  this  need  not  be  very  far,  unless 
the  needle  employed  is  long,  v  is  a  vessel  containing  twu 
sine  plates  for  adjusting  the  strength  of  the  current  in 
the  manner  described  in  a  previous  esperiment  w  is 
one  of  the  wires  leading  to  the  current  generator,  and 
T  is  Uie  terminal  to  whidi  the  other  is  attached. 

To  calibrate  a  galvanometer  by  the  employment  of 
the  tine  principle,  requires  the  current  in  each  case  to 
remain  ccwstant  long  enough  for  the  instrument  to  be 


turned  round  after  the  needle,  until  the  two  are  in  a 
fixed  position  relatively  to  one  another.  But  when  once 
the  c^ibration  curve  has  been  drawn,  a  galvanometer  so 
calibrated  can,  of  conree,  be  used  to  measure  currents  as 
transient  as  a  galvanometer  calibrated  in  auy  other 
way. 

SI.  CaUtiration  by  tba  Sine  Method  of  the  Higher 
Parta  of  the  Scale. — If  theSnt  deflection  ia  mora  thanaboutifi" 
it  ii  found  impAMible  to  use  the  (ine  principle  in  the  ordiniuy  way, 
beranae,  on  attamptiiig  to  turn  the  coil  after  the  deflected  needle, 
•0  SB  to  bring  the  flxed  mark  on  the  scale  under  the  pointer,  the 
n««dle  niovei  to  far  n>nnd  in  advance  of  the  coil  that  at  lait  the 
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attiaction  of  the  earth  or  other  oontroUiug  nugnet  begins  to 
asaist  the  cmreDt  imtaad  of  opposing  it.  The  equilibrinm  tlieo 
becomes  unatable,  imd  the  needle  Bwings  right  round.  The  cali- 
biation  of  the  higher  paits  of  the  biaIb,  howerer,  mii7  be  effected  by 
the  sine  method,  by  using  currents  vhiili  produce  a  first  deSection  (U 
less  than  46°,  in  the  loUowing  way  ; — -Select  some  other  starting'- 
point,  say  H)"  on  the  scale,  for  the  zero,  that  ia,  let  the  galvano- 
meter  be  turned,  so  that  the  pointer  points  to  +  40",  when  r 


defiecting  the  pointer  to,  say,  +80"   (Fig.  '.._,.     _  _   ., 

galvanometer  ronnd 
until  the  0*  division, 
or  whatever  flied 
marli  waa  previously 
used  in  §|  29  and 
30,  comes  under  the 
pointer.  Lastly,  stop 
the  current  and  let 
the  pointfv  now  lake 
op  H  poaition — 30' 
say;  UieQ,  when  the 

Flg.IL  placed  in  the  oidi- 

nary  poaition,  so  that 
the  pointer  points,  fiay,  to  0°,  when  no  current  is  paaedng,  the 
current  that  will  deflect  the  pointer  to  60"  will  be 


ain.  (rf°— 40")    ' 

where  d"  is  the  angle  through  which  the  pointer  comes  back  on 
stopping  the  current. 

After  Biperiments  have  been  made  in  the  way  described 
in  H  29  and  30,  and  a  curve  drawn  with  the  vHlues  of  ^  as  ab- 
sciaaae,  and  of  d"  as  ordinates  for  values  of  if"  up  to  abont  45", 
experiments  nuy  be  made  in  the  way  just  described,  and  the  corve 
extended  by  utmg  for  the  ordinatea  the  voluea  of 
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A  uniform  magnetic  field,  the  mome&t  of  the  ooBtroUing  force*  is  pro- 
portional to  p  X,  that  ia,  to  the  one  of  the  angle  through  which  the 
needle  ia  deflected.  If,  then,  a  galvanometer  ia  so  placed  that  the 
pointer  points  to  0^  when  no  cnnent  ia  passing,  it  follows  that,  in 
order  that  a  current  ahall  produce  a  deflection  of  d?,  it  moat  pro- 
duce a  force  whose  moment  is  proportional  to  sin.  d?.  When, 
however,  tiie  inatrumant  is  tamed,  aa  ahown  in  Fig.  21,  the  car- 
rent  which  is  deflectinp^  the  needle  to  d?  prodacea  a  force  whose 
moment  ia  proportional  to  ain.  {d9 — 40^).  Kow,  what  ia  the  rela- 
tive strengtii  A  thia  cnirent  meaaared  by  the  method  deaczibed  in 
§§  29  and  30  f  It  is  proportional  to  the  sin.  d®.  Hence,  a  current 
proportional  to  sin.  d**  deflects  the  needle  to  eT  when  the  con- 
trolling force  has  a  moment  proportional  to  ain.  (d9 — 40®).  Con- 
sequently, a  current  proportional  to 

sin.  D**  X  sin,  d? 

sin.  (rfo— 40*') 

will  deflect  the  pointer  to  d^  when  the  controlling  force  has  a 
moment  proportional  to  ain.  d^^  that  ia»  when  the  pointer  pointa  to 
0®  when  no  current  ia  passing. 

>  82.  Calibration  by  the  Sine  Kethod  with  a  Con- 
stant Current.— The  following,  due  to  Mr.  Mather,  is  perhaps 
the  neatest  of  the  methods  of  caHbrating  a  galvanometer  on  the 
sine  principle,  ainoe,  by  meana  of  it,  the  calibration  can  be 
effected  throughout  the  whole  range  of  the  scale,  and  no  other 
apparatna  than  the  galvanometer  to  be  calibrated,  and  a  current 
generator,  such  aa  a  "  Danieirt  eell,^^  which  will  give  fairly  con- 
atant  cnrrenta,  ia  required.  Send  a  current  through  the  galvano- 
meter, auch  aa  will  produce  a  deflection  of  about  30®  when  the 
galvanometer  is  so  pLused  that  &e  pointer  pointa  to  0®  when  no 
current  is  passing.  Next,  without  varying  the  current,  turn  the 
galvanometer  until  the  pointer  pointa  to  about  36®.  Stop  the 
current  and  observe  the  position  taken  up  by  the  pointer  when  it 
comee  to  rest  Turn  the  galvanometer  round  farther  and  farther, 
and  repeat,  observinff  in  each  case  the  position  of  the  pointer 
when  the  current  is  flowing,  and  the  position  the  pointer  takes  up 
when  the  current  has  been  broken.  Also  make  a  series  of  obser- 
vationa  with  the  galvanometer  placed  in  such  positions  that  the 
first  deflection  is  less  than  30®.  In  some  one  position  of  the 
galvanometer  let  d9  be  the  angular  deflection  from  0®  when  the 
current  ia  flowing,  and  s®  when  the  current  haa  be^i  interrupted : 
th.en  it  foUows,  from  what  was  stated  in  §  31,  that  this  current, 
nhich  we  may  call  our  unit  current,  passing  round  the  galvano« 

*  The  **  moment  of  a  foret  about  a  point "  is  the  product  ot  the 
magnitude  of  the  force  into  the  length  of  the  perpenoionlar  let  fall 
from  the  point  on  the  line  representhiK  the  direction  of  the  f oroe. 
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meter  coUs,  ia  able  to  pnidnce  &  deflectiog  ioroe  vhoae  momeDt  ia 
pToportioiud  toiin.  (i° — ■")  whaa  the  lieedls  la  deflected  to  il°. 
Hence  it  foUowH  that  the  omrent  which  would  be  nee  nary  to 
prodaoe  a  force  whoM  moment  ahoold  be  propoitltnul  to  ain.  (f 
tor  the  aame  positioD  ot  the  aeedle  must  be  -; '- — - —  timea  ooz 


Bin.  (d'-i,-) 
bat  Buch  n  current  would  doSect  the  pointer  to  if  whan  the  galva- 
nometur  was  so  placed  tlutt  the  ptHoter  pointed  to  0*  for  no  corrent 
ptuning.    Uenco,  to  obtain  the  i^bnition  corre,  we  have  nmply  to 
plot  values  ot  d^  for  the  abaciaate,  and  the  carrcepondiDg  valnea  ot 
sin  iP 
Bin.  {^-z«) 
for  the  ordinate}. 

88.  Katliod  of  ICaking  »  Sine  Boale.— Inatesd  of  And. 
ing  in  a  table  of  ainea  the  ainea  ot  the  -rariona  anglaa  throng 
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on  which  the  scale  u  to  be  made,  mark  off  equal  paxti  a  a,  a  c, 
CD,  &C.  From  a,  c,  d,  &c,  draw  perpendiciilara  to  A  p,  a  1,  c  t, 
B  8,  &o.,  meetiiig  the  circle  in  1,  a,  S,  ftc. 

Then  the  sinea  of  the  angles  Aol,  aoS,  ao8>  &c,  axe  propor- 
tional to  the  numbers  1,  S,  S,  fta  For  drop  perpendiocJaia  l  a^  S  ^, 
Si^&c^oqoa:  Thensin^Aol  ==  L? 

o  1 

BA 

OA 

since  a  a  equals  la,  and  o  a  eqnala  o  L 
Similarly  sin.  AOS   =r  ££ 

OA 

and  80  on. 

Dierefore,  the  sines  of  the  angles  axe  proportional  to  A  a,  A  o^ 
A  D,  &c. 

Therafore,  they  are  proportional  to  the  numbers,  1,  2,  8,  &c. 

If  we  wiah  to  divide  the  whole  quadrant  into  an  exact  number 
of  subdivisions  in  this  way,  we  must  commence  by  marlring  off 
on  the  tangent  a  p  a  length  a  f,  equal  to  the  radius  of  the  circle, 
and  then  subdivide  a  f  into  any  desired  number  of  equal  parte  in- 
stead of  taking  a  a,  a  c,  &c.,  any  equal  lengths. 

If,  when  using  this  scale,  it  be  found  on  sending  two  currents 
through  the  galvanometer  that  the  needle  deflects  through  the 
angles  A  o8p  a o3  respectively,  the  mistake  must  not  be  made  of 
considering  that  the  currents  are  in  the  proportion  of  two  to  three, 
for  thia  will  only  be  the  case  when  ao2,  ao8  are  the  angles 
through  which  the  needle  swings  back  after  the  galvanometer  has 
been  turned  in  each  case. 

84.  Portable  Oalvftnometer  with  Approximately 
Invariable  Absolute  Calibration. — A  type  of  portable 
galvanometer  (Fig.  23),  to  which  was  attached  a  very 
powerftil  ^^permaneTtt  magnet"  having  its  needle  made 
of  a  number  of  small  pieces  of  soft  iron,  was  made  and 
calibrated  absolutely  by  M.  Deprez,  in  1880.  The  scale 
was  divided  simply  into  degrees,  and  a  table  of  numbers 
giving  the  value  in  amperes  of  the  various  deflec- 
tions was  attached  to  the  instrument.  This  instrument 
rendered  considerable  service  in  the  early  days  of 
commercial  electric  lighting,  but  there  were  two  dis- 
advantages in  connection  with  its  use :  first,  as  the  scale 
was  divided  simply  into  degrees,  the  deflection  with- 
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out  the  nae  of  the  table  of  values  gave  no  indicatiixi  of 
the  strength  of  the  current  measured  ;  and,  Gecondly,  it 
vas  necessar]'  to  refer  to  this  table  twice  over  when 


meHSurini;;  two  different  currents,  as  the  deflection  vas 
not  directly  proportional  to  the  current  The  current, 
in  fact,  increased  more  rapidly  than  the  angular  deflec- 
tion, a  result  which  is  generally  found  to  occur  in  ordi- 
nary galvanometers,  and  which  arises  from  die  deflecticm 
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of  the  needle  causing  it  to  move  into  a  position  in  which 
the  carrent  passing  round  the  coil  acts  with  less  force 
on  the  needle  than  when  it  is  in  the  zero  po>itton  or 
imndlel  to  the  plane  of  the  ooiL 

36.  Gonstruction  o^  Oalvanometers  in  which  the 
Angular  Befieetion  ia  Proportional  to  the  Carrent. 
— We  have  abready  seen  (page  43)  that  the  current  is 
proportional  to  the  tangent  of  the  deflection  of  the 
galvanometer  needle,  when  neither  the  magnitude  noi 
direction  of  the  controlling  force  is  altered  as  the  needle 
moves  into  a  new  position  ou  being  deflected,  and  when, 
in  addition^  the  dii'ection  of  the  controlling  force  is  at 
right  angles  to  the  direction  of  the  force  with  which  the 
current  passing  round  tlie  coD  acts  on  the  needle. 

In  order,  therefore,  that  the  angular  deflection  may  be 
directly  propoi-tional  to  the  cun^nt,  we  must  either 
cause  the  needle  on  being  deflected  to  move  into  a  posi- 
tion in  which  the  current  passing  round  the  coil  acts 
more  |iowerfiilly  on  it,  or  into  a  position  in  which  the 
conti-olling  force  becomes  weaker;  or  we  may  anninge 
that  both  these  results  may  be  produced. 

The  first  condition  may  be  obtained  in  a  rough  way 
by  employing  the  very  defect  of  construction  previously 
referred  to  in  the  adjustment  of  the  tangent  galvano- 
meter, and  which  madle  the  deflection  on  one  side  of  the 
zero  larger  than  that  produced  by  the  same  current  on 
the  other — viz.,  not  putting  the  coil  so  that  its  plane  was 
parallel  to  the  suspended  magnet  when  no  current  was 
passing  through  the  coiL  The  needle,  when  deflected  to 
that  side  on  which  the  greater  deflection  is  obtained,  will, 
instead  of  moving  from  a  stronger  to  a  weaker  part  of 
the  magnetic  field  produced  by  tiie  cun'ent,  move  at  first 
into  a  stronger  part,  and  then  afterwards  into  a  slightly 
weaker  part  The  eflect  of  this  arrangement  is  to  make 
the  proportional  law  connecting  current  and  deflection 
true  for  a  much  larger  deflection  from  the  nndeflected 
position  of  the  needle  than  if  we  commenced  with  the 
needle  parallel  to  the  plane  of  the  coil  for  no  cun-ent^ 
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But  this  aTTangemetit  has  tlie  disadvantage  tliat  it  can 
only  be  iiaed  for  corrents  deflecting  the  needle  to  one 
aide  of  the  scale,  for,  if  the  current  be  flowing  in  the 
oppoeite  direction,  the  defect  of  want  of  proportioinality 
between  current  strength  and  deflection  will  be  in- 
creased. 

This  plan,  by  means  of  which  the  proportionality  on 
one  side  of  the  scale  is  sacrifioed  to  increase  tliat  on  the 
other,  has  been  employed  by  the  author,  and  later  on  by 


MM.  Carpentier  and  Deprez,  for  making  proportiona] 
galvanometers. 

If  the  "  controlling  /Uld  "  be  a  uniform  field,  such  as 
is  produced  by  the  earth's  magnetism,  diat  is,  if  the  con- 
trolling force  acting  on  the  pole  of  a  given  mi^piet  is  the 
same  both  in  magnitude  and  direction  at  all  points,  then 
the  arrangement  shown  in  Fig.  24,  and  which  has  been 
worked  out  by  Messrs.  Walmsley  and  Mather,  two  of 
the  assistants  at  the  Finsbury  Technical  College,  may  be 
employed.  The  instrument  consists  of  two  coils  shaped 
as  shown,  and  the  special  device  consists  in  fixing  them 
so  that  they  are  separated  by  a  distance  a  little  less  tlian 
the  length  of  the  needle.  Tho  instrument  is  placed  so 
that  when  no  current  is  passing  through  the  coils  the 
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needle  liangs  symmetiioally  between  them,  and  it  it 
found  that  direct  proportionality  of  current  and  defleo- 
tion  tip  to  45^  to  50°  is  obtained  from  the  fact  that,  with 
the  arrangement  indicated,  the  needle,  on  being  de* 
fleeted,  moves  into  a  position  in  which  the  carrent  acta 
more  powerfully  on  it,  or  shortly  into  a  more  powerful 
part  of  the  "deflecting  field"  (Galvanometers  of  this 
type  are  shown  in  use  in  figs.  15  and  20. 

36.  Shielding  Oalyanometers  from  Extraneous 
Hagnetic  Disturbance. — ^If,  however,  the  instrument  is 
to  be  portable,  and  if  it  be  desired  that  the  deflections  of 
the  n^Bdle  should  be  unaffected  by  the  moving  about  of 
neighbouring  magnets  or  pieces  of  iron,  the  galvanometer 
must  be  "  shielded"  and  this,  as  stated  in  §  25,  can  be  done 
by  attaching  a  powerful  permanent  magnet  to  the  instru- 
ment^ the  action  of  which  on  the  suspended  magnet  is  &r 
stronger  than  that  likely  to  be  caused  by  any  other  neigh- 
bouring magnet.  When  using  such  a  permanent  magnet, 
there  are  two  well-defined  ways  employed  by  the  author 
for  obtaining  direct  proportionality.  The  first  consists  in 
winding  the  insulated  wire  on  the  two  halves  of  a  brass 
bobbin  A  (Fig.  25),  separated  by  a  brass  tube  T,  in  which 
the  pivoted  soft  iron  needle  canying  the  pointer  moves, 
and  attaching  soft  iron  pole-pieces  p  p,  hollowed  out  as 
shown  in  the  figure,  to  the  permanent  magnet  h  h.  Hie 
wire  is  wound  on  the  bobbin  (which  in  the  figure  is 
shown  unwound),  much  as  cotton  is  wound  on  a  reel ;  none 
is  wound  on  the  tube  T,  and  the  coils  on  the  two  halves 
of  X  are  electrically  connected  with  a  wire  passing  by  the 
side  of  T ;  into  Uie  ends  of  the  brass  bobbin,  soft  iron 
cores  r  f  are  screwed,  the  outer  ends  of  which  are  seen 
in  the  figure.  The  other  ends  of  these  soft  iron  cores 
project  a  considerable  distance  into  the  brass  tube, 
and  the  result  is  that  on  the  needle  being  deflected 
fix>m  the  position  it  occupies  when  no  current  is  pass- 
ing round  the  coils,  and  which  is  along  a  diameter 
of  the  tube  t  at  right  angles  to  the  axis  of  a  a,  its 
ends  come  nearer  the  noses  of  these  soft  iron  oores 
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inside  the  bobbin  a  a.  Hence  the  deflecting  force 
grows  much  stronger  as  the  soft  iron  needle  is  deflected. 
The  alteration  in  the  strength  of  the  controlling  force 
depends  on  the  exact  curvature  given  to  the  ends  of  the 
soft  iron  pole-pieces  p  p,  which  embrace  the  brass  tube  T. 


Fig  25. 

If  the  curvature  of  the  pole-pieces  is  much  greater  than 
that  of  the  tube  t,  and  the  pointed  edges  of  the  pole- 
pieces  be  pressed  against  the  tube  so  as  to  approach  the 
needle  as  nearly  as  possible,  then  the  action  of  the  con- 
trolling field  will  somewhat  increase  in  strength  when 
the  needle  is  deflected,  since  the  ends  of  the  needle  will 
come  nearer  the  iron  of  the  pole- pieces  when  the  needle 
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IB  defleotod ;  whereas,  if  the  caryature  of  the  ends  of  the 
p(^e-pieces  be  mnoh  less  ihasx  that  of  the  tube — if^  in  hct, 
the  ends  of  the  pole-pieoee  be  nearly  flat — then  the  action 
of  the  controlling  field  will  become  weaker  as  the  needle 
is  deflected. 

When  no  soft  iron  cores  rF  are  employed,  the 
*'  siraighi  line  "  or  *^ proportioned^*  law  can  be  produoed  by 
taking  advantage  of  the  fact  tiiat  the  deflecting  field 
inci-eaflcs  in  strength  as  the  needle  is  deflected,  in  conse- 
quence of  its  poles  entering  more  into  the  coils  wound 
on  the  two  halves  of  the  bobbin  a  a.  In  that  case  the 
ends  of  the  pole-pieces  p  p  should  only  be  veiy  slightly 
curved.  For  Uie  purpose,  however,  of  making  the 
final  adjustment  for  sensibility,  to  be  described  a  little 
farther  on,  the  use  of  the  soft  iron  cores  p  F  screwed, 
moi*e  or  less,  into  the  ends  of  the  bobbin  is  found  to  be 
very  convenient,  and,  as  already  explained,  their  pre- 
sence leads  to  the  deflecting  force  much  increasing  in 
strength  as  the  needle  is  deflected.  The  result  of  this 
is  that  the  correction  is  too  great,  that  is  to  say,  instead 
of  the  angular  deflection  increasing  less  rapidly  than  the 
current,  which  is  the  ordinary  result  obtained  with  gal- 
vanometers, the  deflection  would  increase  much  more 
rapidly  than  the  current,  giving  a  flat  instead  of  a  steep 
calibration  curva  To  avoid  this  over<x>rrection  the  cur- 
vature of  the  pole-pieces  must  be  considerable. 

The  final  result  then  obtained  is  as  follows : — If  the 
cores  p  F  are  too  far  in,  the  calibration  curve  is  flat,  that 
is,  the  angular  deflection  increases  more  rapidly  than  the 
current ;  if  too  far  out,  the  calibration  curve  is  ste^,  or 
the  angular  deflection  increases  less  rapidly  than  the 
current ;  but  between  these  two  limits  there  are  several 
positions  of  the  cores  giving  nearly  perfect  proportionality 
between  deflection  and  current.  Within  these  limits  the 
cores  may  be  adjusted,  and  the  sensibility  of  the  instru- 
ment altered.  If  they  be  screwed  out,  it  will  require  a 
larger  cfurrent  to  produce  the  same  deflection ;  while,  on 
the  other  hand,  if  they  be  screwed  in,  the  opposite  eflect 
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will  be  produced.  Hence,  within  these  limits,  Roy  deflec- 
tion may  be  made  to  correspond  jtermaneutly  with  any 
current. 

37-  Direot-Rfiftdin;  Oalvanometen.  —Hence,  by  the 


employnient  of  these  corea,  we  can  not  only  coDstruct 
an  inatrumect  in  whicli  the  deSection  shall  be  directly 
proportioual  to  the  cairent,  but  we  can  use  a  dial 
graduated  in  amperes  instead  of  in  degrees,  and  so  oh- 
tain    a    "  dir*ei~Teadmy    galvanometer"   as  shown    in 
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Ylg.  26.*  For,  although  it  wonld  be  yeiy  difficult  to  fill 
the  bobbin  with  a  particular  gauge  of  wire,  so  that  with 
a  particalar  controlling  magnet  a  given  number  of 
amperes  shall  produce  exactly  a  particular  deflection,  it 


is  easy  by  trial  to  approximate  to  this,  aiid  then  finally 
adjust  the  instrument  by  screwing  the  soft  iron  cores  a 
little  in  or  out  until  any  particular  deflection  on 
the  dial  is  produced  by  exactly  the  numl>er  of  amperefl 
of  currents  marked  opposite  that  deflection  on  the  dial. 

*  5w  §  221,  page  431,  for  further  detafla  regarding  the  double  loale 
and  oommutator  F  shown  in  Fig.  26. 
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And  should  the  permanent  magnet  lose  its  strength  from 
time  to  time,  when  the  instrument  vdll  of  course  become 
more  sensitire,  we  can,  by  screwing  out  the  cores^  re^ 
adjust  it  so  that  it  will  still  continue  to  be  a  correct 
direct-reading  ffcUvanometer. 

Another  plan,  and  probably  a  still  better  one  tor 
obtaining  all  the  above  results,  is  to  make  the  opening 
in  the  bobbin  a  through  which  the  pivoted  neodle  ia 
inserted,  in  the  construction  of  the  instrument,  much 
smaller,  as  shown  in  Fig.  27,  so  that  the  wird  can  be 
coiled  almost  continuously  from  one  end  of  the  bobbin  to 
the  other  without  the  gap  in  the  bobbin  necessitated  by 
the  tube  T  (Fig.  26).  With  the  arrangement  of  Fig.  27 
the  deflective  force  \a  but  slightly  increased  as  the  needle 
is  deflected  ;  hence,  to  obtain  the  proportional  line  the 
controlling  force  must  be  made  to  diminish  as  the  needle 
turns,  which  result  can  be  obtained  by  curving  the  ends 
of  the  soft  iron  poh^pieces  in  the  way  shown  in  P  P  (Fig. 
27)  that  is,  by  making  them  convex  instead  of  concave 
to  the  coil,  as  was  done  with  the  previous  arrangement. 

38.  Advantages  of  the  Previous  Types  of  Galvano- 
meters.— All  these  instruments  have  the  advantages  that 
their  indications  are  *'  ahisldedy"  that  is,  are  not  seriously 
affected  by  the  presence  of  neighbouring  magnets  or 
pieces  of  iron ;  secondly,  if  the  needle  is  well  balanced 
the  instrument  can  be  used  in  any  position  without  any 
error  being  introduced  in  the  readings ;  and,  thirdly,  as 
the  needle  is  very  light  (or,  more  strictly,  has  only  a  very 
small  **  moment  of  inertia  **)*  and  as  it  is  moving  in  a  very 
powerful  magnetic  fleld,  the  oscillations  of  the  needle  are 
very  quick,  and  die  out  very  rapidly,  so  that  if  the 
current  that  is  being  measured  has  a  sudden  change  in 
its  strength,  the  needle  moves  sharply  from  one  point  of 
the   scale  to  another  point,    where   it  stops   dead    in 

*  The  moment  of  inertia  of  a  body  about  any  axis  is  found  by 
imagining  the  body  divided  up  into  a  large  number  of  very  small  parta, 
and  taking  the  Bum  of  the  pzmlucts  of  the  man  of  eaoh  part  into  tha 
■quare  of  iti  distance  from  the  axia. 
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response  to  the  change  in  the  current  strength,  or  the 
instrument  is  *'  decut-beat"  ;  whereas,  if  a  needle  of  large 
moment  of  inertia  were  employed  moving  in  a  weak 
magnetic  field,  then  oa  any  change  taking  place  in  the 
current  strength  the  needle  would  simply  begin  to 
oscillate  over  the  scale,  and  many  changes  might  take 
place  in  the  current  strength,  the  current  even  remaining 
constant  at  each  of  its  various  values  for  a  very  decided 
time  before  the  needle  would  come  to  rest  and  allow  any 
measurements  to  be  taken.  The  advantage  of  employing 
a  dead-beat  instrument  is  vexy  marked  when  the  current 
produced  by  a  dynamo  worked  by  a  gas-engine  has 
to  be  measured.  If  the  instrument  is  dead-beat  every 
change  in  the  current  produced  by  the  slight  change 
of  speed  of  the  gas-engine  at  each  explosion  of  the  gas  is 
accurately  recorded ;  indeed,  the  slight  change  of  speed 
that  occurs  each  time  the  joint  in  the  driving  belt,  if  it 
be  a  " lap-joint"*  and  not  a  " btUtjaint"  passes  over  the 
driving  pulley,  is  observed ;  whereas,  if  the  instrument  be 
not  dead-beat  these  fluctuations  in  the  current  merely 
cause  the  needle  to  keep  up  a  constant  vibration  over  the 
scale,  and  so  prevent  any  accurate  readings  being  taken. 

Other  forms  of  current  galvanometers  are  given 
farther  on  (i>age  377),  and  another  method  of  shielding 
by  putting  the  galvanometer  in  an  iron  box,  with  very 
thick  sides,  is  considered  in  §  53,  page  103,  and  by  giving 
the  needle  a  motion  of  translation  in  §  202,  page  390. 

39.  Ammeter. — Such  a  dead-beat  direct-reading  gal- 
vanometer is  frequently  called  an  " ammetery^  hence  the 
name  on  the  dial  of  Fig.  26,  and  we  may  temporarily 
regard  such  an  ammeter  as  our  commercial  instrument 
for  measuring  cun*ent  strengths  in  amperes. 

'  Other,  and  more  modem,  types  of  ammetersare  described 
farther  on  (page 382),  where  also  are  stated  the  advantages 
and  disadvantages  of  some  of  the  most  important  kinds. 

*  A  lap-joint  ii  made  b^  pattmg  one  end  of  the  leather  belt  over 
tiie  other,  and  lacing,  or  riveting,  them  together;  while  in  a  butt- 
joint  the  ends  are  aimply  brought  togethei',  but  not  put  one  over  the 
other. 
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DIFFBRENOE  OF  POTENTIALS,  BLBOTRIG  QUANTITT,  DENSITY, 

AND  THEIR  MEASUREMENT. 

40.  Differenoe  of  Potentials— 4L  Potential  of  the  Earth  Arbitrarily 
taken  as  Noucht — 42.  The  Difference  of  Potentials  between  Two 
Ck>nductor8  aoes  not  Measure  the  Differenoe  in  their  Elee^c 
Ghaiees-— 48.  Volt  — 44.  Measuring  Potential  Difference  by 
Weighing— 45.  Increasing  the  SensibUity  of  the  Weight  Electro- 
meter by  Using  an  Auxiliary  High  Potential — 46.  Bough  Electro- 
meter— 47.  Action  of  a  Gold-leaf  Electroscope — 48.  Objeotionato 
the  Ordinary  Methods  of  Constructing  Gold-leaf  Electroscopes — 
49.  Oonduction  and  Induction— 60.  Potential  Uniform  at  all 
Points  inside  a  Closed  Conductor— 51.  No  Force  inside  a  Cldsed 
Conductor  due  to  Exterior  Electrification— ^2.  A  Metallic  Box 
not  a  Mametic  Screen  imless  made  of  Very  Thick  Iron— 53. 
Marine  Galyanometer — 54.  Beflecting  Galvanometers— 55.  Anpiilitr 
Motion  of  the  Reflected  Bay  is  Twice  the  Angular  Motion  of  the 
Mirror — 56.  Connection  between  tiie  Motion  of  the  Image  on  a 
Plane  Scale  and  the  Angular  Deflection  of  the  Mirroi^— ^7.  Static 
Electrical  Apparatus  should  be  Enclosed  in  a  Metallic  Cetse— 
58.  Quantity  of  Electricity — 59.  Comparison  of  Quantities  of 
Electricity— 60.  Quantity  of  Electricity  produced  by  Rubbing 
Two  Bodies  Together  — 61.  Object  of  Rubbing  Two  Bodies 
Together  to  Produce  Electrification— 62.  Proof -plane— 68.  Electric 
Density— 64.  Density  ii  Nought  on  the  Inner  Surface  of  a  Closed 
Conductor — 65.  Potential  of  a  Conductor  Depends  Partly  on  the 
Amount  of  Electricity  on  it— 66.  Potential  of  a  Conductor 
Depends  Partly  on  its  Shape— 67.  Potential  of  a  Conductor  De- 
pends Partly  on  its  Position — 68.  Modes  of  Var^png  the  Potential 
of  a  Conductor — 69.  Examples  showing  the  Difference  between 
Potential  Densit;^  and  (^antity  —  70.  Static  and  Current 
Methods  of  Measuring  Potential  Differences  Compared — ^71.  When 
a  Potential  Difference  Galvanometer  may  be  Employed — ^72.  Volt- 
meter. 

40.  Diflference  of  Potentials. — When  a  curreut .  of 
electricity  is  flowing  through  a  wire  it  haA  the  same 
strength  at  all  cross-sections  of  the  wire ;  if,  for  example, 
the  wire  be  cut  anywhere,  and  a  galvanometer  be  put  in 
the  circuit,  the  galvanometer  will  always  show  the  same 
deflection  while  the  same  current  is  flowing.  In  the 
same  way  in  the  case  of  a  water-pipe,  the  quantity  of 
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water  passxng  OTery  cross-section  of  the  pipe  per  second 
is  exactly  the  same  as  soon  as  the  iow  of  water 
becomes  a  "itecuiy^*  one.  Just  at  the  commencement, 
when,  for  example,  some  water  has  entered  at  one  end 
of  the  pipe,  and  none  has  flowed  out  at  the  other — when 
the  pipe  is  filling,  in  fact — ^the  flow  at  different  cross- 
sections  may  be  different;  so  also,  in  many  cases,  just 
at  the  moment  after  completing  an  electric  circuity  the 
current  will  differ  at  diflerent  cross-sections.  But  as  soon 
as  the  flow  in  each  case  becomes  a  steady  one  this  dif- 
ference disappears,  and  the  strength  of  the  water  current, 
that  is,  the  number  of  gallons  of  water  passing  per 
minute  (not,  of  course,  the  velocity  of  the  particles  of 
water)  is  the  same  at  all  parts  of  the  pipe,  even  if  the 
pipe  be  broad  at  some  points  and  narrow  at  others,  so 
also  the  strength  of  the  electric  current  flowing  through 
a  single  circuit  is  "  unifarm  "*  at  all  parts  of  the  circuit, 
independently  of  the  thickness  of  the  conductor  and  of 
the  material  of  which  it  is  made. 

But,  although  the  stream  of  water  is  the  same  at  all 
parts  of  the  pipe,  the  pressure  per  square  inch  of  the 
water  is  by  no  means  the  same,  even  if  the  pipe  be  quite 
horizontal  and  of  uniform  gauge.  This  pressure  per 
square  inch  of  the  water  on  the  pipe,  whicli  is  the  same 
as  the  pressure  per  square  inch  of  one  portion  of  the 
water  on  another  portion  at  the  same  part  of  the  pipe, 
becomes  less  and  less  as  we  proceed  in  the  direction  of 
the  flow,  along  a  horizontal  pipe  of  uniform  sectional  area. 
It  is,  in  fact,  this  difference  of  pressure,  or  "  loss  of /leadf" 
as  it  is  sometimes  called,  that  causes  the  flow  to  talce  place 
against  the  friction  of  the  pipe,  the  difference  of  pressure 
at  any  two  poiuts  in  the  case  of  a  steady  flow  through  a 
horizontal  pipe  of  uniform  sectional  area  being  equal  to 

*  Uniform  refers  to  ipaoe,  eontiarU  to  time.  The  height  of 
the  homes  in  a  street  is  geneiallj  not  uniform,  bat  it  is  constant 
as  long  as  there  is  no  change  made  in  the  hoghi  of  the  houses. 
If  water  be  ran  out  of  a  cistern  the  level  at  all  parts  of  the  surface 
of  the  water  is  uniform,  but  it  is  not  constant,  since  it  steadily  falls  •■ 
the  water  nms  out. 
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the  Motional  resistance  of  that  length  of  pipe  for  Uiat 
particular  flow. 

Quite  analogous  with  tluB  there  is,  in  the  case  of 
an  electrio  current  flowing  through  a  conductor,  a 
"  difference  qf  poteTUialt"  at  two  points  in  the  conductor. 
aiid,tluB  d^erence  qf  poteTttiala  is  necesaaiy  to  oTercome 
the  " reti^anee"  of  the  conductor,  or  opporation  tliat  it 
ofiers  to  the  pasaage  of  an  electric  cuirent  through  it. 


Flf.  BS, 

The  pressure  per  square  inch  of  the  water  at  any 
point  in  a  tube  conveying  a  stream  can  be  ascertained  by 
attaching  a  vertical  stand-pipe  to  the  tube,  and  seeing  to 
what  height  the  water  is  forced  up  in  this  stand-pipe,  and 
if  at  a  number  of  points  A,  B,  c,  D,  K,  F  (Fig.  2S)  in  a 
glass  tube  1 1,  conveying  a  stream  of  water,  a  series  of 
vertical  glass  stand-pipes  s„  s^  itc,  be  fixed,  the  height 
to  which  the  water  is  forced  up  in  them  will  show  the 
distribution  of  presaure  along  the  pipe.  If  the  tube  1 1 
be  horizontal,  straight,  and  cnT  nnifonn  cross- section,  and 
if  the  flow  of  water  be  a  steady  one,  then  the  tops  of  the 
water  in  the  stand-pipes  will  be  found  to  all  lie  in  one 
straight  line,  from  which  it  follows  that  the  diSerence 
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of  pressare  between  any  two  points  is  proportionAl  to 
the  distance  between  the  points. 

If  the  screw  pinch-cock  8  be  fully,  or  nearly  fully,  open, 
and  that  at  s"  fully  open,  the  stream  of  water  through 
the  tube  1 1  will  be  rapid,  and  the  tope  of  the  columns  of 
water  in  the  stand-pipes  will  lie  in  a  straight  line  such  as 
Ti  Tj  Tj.  If  the  cock  8  be  screwed  up  a  little  so  as  to 
squeeze  the  bit  of  indiarubber  tube  (that  at  s'  still  re- 
maining fully  open)  the  Qow  will  be  diminished,  and  the 
line  joining  Uie  tops  of  the  columns  of  water  in  the  stand- 
pipes  will  make  a  less  angle  with  the  horizontal,  or 
occupy  a  position  t,t,t,.  As  the  cock  s  is  screwed 
up  more  and  more  the  line  is  tilted  up  more  and  more, 
until  at  last,  when  the  cock  is  shut  and  the  water  turned 
off  altogether,  the  line  becomes  horizontal,  Tj^Tj^Tj^,  and  is  at 
the  same  level  as  the  top  of  the  water  in  the  cistern. 
The  inclination  of  this  line  to  the  horizontal,  therefore, 
diminishes  as  the  flow  of  water  diminishes,  and  becomes 
nought  when  the  flow  ceases  altogether. 

So,  in  the  same  way,  the  ^^ electric  potential^  at  difierent 
points  of  a  wire  conveying  a  current  can  be  measured 
statically  by  an  apparatus  that  will  be  described  farther  on 
(§75»  page  1 30),  and  if  a  number  of  measurements  be  made 
of  the  potential  at  different  points  of  a  circuit  conveying  a 
current,  it  will  be  found  that  the  results  are  smaller  and 
smaUer  as  we  proceed  in  one  direction ;  and,  farther,  if 
the  conductor  be  all  of  uniform  gauge,  and  made  of  the 
same  material,  and  the  electric  current  be  a  ateady  one, 
it  will  be  found  that  the  difference  of  potential  between 
any  two  points  is  proportional  to  the  length  of  the 
conductor  between  these  points. 

This  analogy  between  the  distribution  of  water- 
pressure  and  of  electric  potential,  is  a  very  useful  one  for 
students  in  enabling  them  to  grasp  the  idea  of  electric 
potential ;  but,  like  many  other  analogies,  it  must  not  be 
pressed  too  &r;  for  ejuimple,  a  bend  in  a  pipe,  even 
with  a  steady  flow  of  wAer,  is  found  to  cause  a  falling  off 
in  the  water-pressure ;  whereas,  a  bend  in  a  wire  has  no 
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effect  on  the  electric  potential  if  a  steady  current  is 
flowing;  or,  again,  if  there  be  a  sudden  expansion  or 
contraction  in  a  pipe,  there  is  a  sudden  alteration  of 
the  water-pressure,  which  has  no  analogy  in  any  sudden 
alteration  of  the  electric  potential  at  a  point  in  a  circuit 
where  the  sectional  area  of  the  conductor  changes 
abruptly. 

In  fact,  the  flow  of  water  or  of  gas  in  a  pipe  can  be 
diminished  to  any  extent  by  a  contraction  of  one  point 
only,  which  may  be  pnustically  effected  by  partially  closing 
a  tap.     For  example,  if  the  screw  pinch-cock  s'  be  par- 
tially closed,  a  great  resistance  to  the  flow  of  the  water 
will  be  introduced  at  this  point,  shown  by  the  fact  that 
the  line  joining  the  tops  of  the  columns  of  water  in  the 
stand-pipes  now  breaks  up  into  two  portions  T^  Tg  T^  and 
T^'  Tj'  Tf^',  parallel  to  one  another,  but  the  one  much  below 
the  other ;  whereas,  if  an  electric  circuit  consist  of  many 
yards  of  wire,  no  appreciable  alteration  of  the  current  will 
be  produced  by  making  only  half  an  inch  of  the  wire 
have,  say,  one-tenth  of  its  previous  sectional  area.     If, 
however,  the  current  be  so  strong  as  to  fuse  the  wire,  then 
the  current  will  become  nought,  just  as  the  stream  of 
water  or  gas  becomes  nought  on  the  tap  being  entirely 
dosed,  and  the  analogy  of  fluid  and  electric  flow  will 
again  hold. 

41.  Potential  of  the  Earth  Arbitrarily  taken  as 
Nought. — Unfortunately  the  statical  measurement  of 
electric  potential  is  not  nearly  as  simple  as  the  statical 
measurement  of  fluid  pressure,  in  consequence  of 
the  forces  produced  by  the  mutual  attractions  of  any 
two  ordinary  bodies  chained  with  electricity  being  very 
smalL  Potential  has  also  to  be  measured  relatively,  in 
the  way  that  temperature  is  usually  measured,  and  not 
from  a  zero,  or  starting-point,  as  can  be  employed  in  the 
measurement  of  length  or  weight  The  same  length  may 
be  called  one  yard,  or  three  feet,  or  thirty-six  inches,  or 
91*44  centimetres,  but  a  length  that  is  nought  on  anyone 
of  these  systems  of  measurement  ia  nought  on  them  all ; 
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whereas,  not  only  is  the  temperature  which  is  called  15° 
on  the  Centigrade  scale  called  59°  on  the  Fahrenheit^  but 
the  temperature  that  is  called  0°  on  the  former  is  called 
32°  on  the  latter.  In  the  measurement  of  temperature, 
then,  we  take  the  temperature  of  some  definite  body  and 
call  it  0°,  and  we  do  not  imply  by  doing  so  that  no  lower 
temperature  can  be  obtained ;  so,  in  the  measurement  of 
potential  we  take  the  potential  of  a  certain  body  and 
call  that  potential  nought — ^the  electric  potential  that  is 
arbitrarily  taken  as  nought  being  that  of  the  earth. 

In  thus  taking  the  potential  of  the  earth  as  the 
ffoteniial  level  to  measure  from,  no  assumption  is  made  as 
to  the  earth  having  no  charge  of  electricity  on  it ;  indeed, 
so  far  from  that,  experiment  shows  that  the  earth 
produces  exactly  the  same  electrical  effects  as  it  would  if 
it  were  ^  negatively  "  or  "  reginotisly  "  electrified  :  that  is, 
electrified  in  the  same  way  as  is  a  piece  of  ebonite  after 
being  rubbed  with  a  piece  of  dry  flannel,  and  oppositely 
electrified  to  a  piece  of  dry  smooth  glass,  which,  after 
being  rubbed  with  a  piece  of  dry  silk,  ia  said  to  be 
**  positively"  or  ^^vUreously"  electnfied. 

Measuring  potentials  relatively  to  that  of  the  earth 
IB  simply  like  measuring  heights  above  the  Trinity  watei**- 
mark,  or  measuring  longitude  east  or  west  of  Greenwich. 

42.  The  Difference  of  Potentials  between  Two  Con- 
duetors  does  not  Measure  the  Difference  in  their  Electric 
Charges. — ^The  fact  that  two  conductors  differ  in  poten- 
tial tells  us  nothing  about  the  quantities  of  electricity  in 
either  of  them,  nor  whether  these  quantities  are  positive  or 
negative,  nor  even  whether  either  of  the  bodies  is  charged 
with  electricity  at  all  {see  8,  §69,  page  124).  All  that  we 
can  deduce  from  the  f skct  that  two  conductors,  made  of  the 
same  material,  differ  in  potential  ia  that  if  they  be  joined 
by  a  wire  there  will  be  a  flow  of  electricity,  or  a  current 
from  one  to  the  other,  until  this  difference  of  potential  is 
destroyed ;  and  we  say  that  the  one  from  which  ^'positive  *' 
electricity  flows  has  the  *'  higher  poterUialf*^  or  a  "  positive 
potential^"  relatively  to  the  other.     In  the  same  way,  by 
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knowing  the  fact  that  the  pressure  of  the  gas  in  two 
gas-holders  is  different^  we  have  no  information  as  to  the 
quantities  of  gas  in  either  of  the  vessels,  hut  we  merely 
are  sure  that,  if  the  vessels  be  joined  by  a  pipe,  gas  will 
flow  from  the  vessel  in  which  the  pressure  is  greater  into 
that  in  which  it  is  less  as  long  as  any  dSSerenoe   in 
pressure  remain&     So,  in  the  same  way,  if  two  vessels 
standing  on  the  table  contain  water,  and  if  we  merely 
know  that  the  level  of  the  water  in  one  of  them  is  higher 
than  that  in  the  other,  we  can  tell  nothing  about  the 
number  of  gallons  of  water  in  the  two  vessels ;  but  what 
we  do  know  is,  that  quite  irrespectively  of  the  size  of  the 
vessels,  or  of  the  quantity  of  water  in  them,  if  the  two 
vessels  be  joined  tc^ther  by  a  pipe  anywhere  below  the 
lower  water-level,  water  will  flow  from  that  in  which  the 
level  is  higher  into  that  in  which  it  is  lower  until  this 
difference  of  level  is  destroyed. 

So,  again,  we  can  form  no  conception  from  the  fact 
that  one  body  la  hotter  than  another  as  to  the  amount  of 
heat  either  will  give  out  in  cooling  down  to  the  freezing 
temperature,  or  even  which  of  the  two  will  give  off  the 
greater  amount  of  heat  when  so  cooled ;  the  existence  of 
a  difference  of  temperature  between  two  bodies  only 
justifies  us  in  concluding  that  if  the  bodies  be  so  placed 
tliat  heat  can  pass  from  one  to  the  other,  heat  will 
pass  from  the  hotter  to  the  colder  as  long  as  any  dif- 
ference of  temperature  exists. 

Diferenee  of  poterUial .  in  electricity  is  tKerefcre 
analogous  with  difference  of  pressure  in  gases,  toith 
difference  of  level  tn  liquids^  and  with  difference  of 
temperature  in  heat. 

From  what  has  been  said,  it  follows  that  if  two 
conductors  of  the  same  material  be  in  electric  connection 
with  one  another,  and  if  no  current  be  flowing  from  one 
to  the  other,  the  potential  of  the  two  bodies  must  be  the 
same.  Hence  the  potential  at  aU  points  of  a  conductor  on 
which  electricity  is  at  rest  must  be  uniform, 

43.  Volt. — If  two  conductors,  having  different  electm 


UL]  THK  YOLT.  87 

potentials,  be  brooght  into  the  immediato  nei^bonrhood 
of  one  another,  what  is  called  ** inductive  adian"  will 
take  place  between  them  :  that  is  to  say,  the  presence 
of  each  will  distoib  the  distribution  of  electricity  on  the 
other,  and  there  will  be  an  attractive  force  tending  to 
make  the  bodies  approach  one  another.  The  magnitade 
of  this  force  is  connected  in  a  perfectly  definite  way 
with  the  difference  of  potentials  between  the  .bodies, 
their  sizes  and  shapes,  and  their  positions  relatively  to 
one  another,  bnt  this  connection  is  in  general  a  com- 
plicated ona  I^  however,  the  opposed  surfaces  of  the 
two  conductors  be  planes  parallel  to  one  another,  this 
force  will  be 

4-508  X  10-*<^  X  V 
-r^ grammes 

for  each  square  centimetre  of  the  opposed  surfaces,  where 
y  is  the  potential  difference  in  ** volts"  between  the 
conductors,  and  d  the  perpendicular  distance  in  centi- 
metres between  the  sur&u^es. 

If  the  force  be  measured  in  grains,  the  distance  in 
indies,  and  the  unit  of  attracted  area  be  one  square  inch, 
then  the  force  becomes 

6  955  X  10-^  X  Y* 

In  order  that  this  formula  may  be  rigorously  true,  it 
18  necessary  that  the  bit  of  the  plane  surface  on  which 
we  are  considering  the  attraction  should  be  situated  at  a 
distance  from  the  edge  of  the  plane  which  is  large  in 
comparison  with  d 

The  particular  values  of  the  constents  employed  in 
the  last  two  expressions  have  not  been  selected  arbitrarily. 
The  selection  of  spediil  units  for  the  measurement  of 
force,  distance,  area,  and  potential  difference  determines 
the  values  of  the  constants  in  each  particular  case,  so 
that  while  the  first  set  applies  to  grammes,  centimetres, 
and  voltCy  the  second  set  appliea  'to  grains,  inches,  and 


X 


area, 
{Uare 
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fneter  "  for  effecting  ibis  result.  A  is  a  metallic  plate  insa- 
lated  from  the  ground,  but  in  electric  connection  with  any 
conductor  p,  and  therefore  having  the  potential  of  P.  B 
is  a  plate  suspended  by  fine  wires  from  one  end  of  the  beam 
of  a  balance  which  is  well  insulated  from  the  ground,  but 
in  metallic  connection  with  c  and  D,  and  witb  a  body  Q. 
B,  c,  and  D  have  therefore  the  potential  of  Q.  c  D  is 
in  reality  a  square  or  circular  plate,  with  a  hole  cut  in 
it,  which  is  nearly  filled  up  by  B,  as  seen  in  Fig.  30,  the 
distance  between  the  outer  edge  of  B 
and  the  inner  edge  of  C  n  being  about 
three-quarters  of  a  millimetre,  or  003  of 
an  incL  The  use  of  the  "  guard  ring/* 
as  it  is  called,  c  d,  is  to  cause  the  law 
given  above  to  be  accurately  true  for  all 
pcols  of  B  when  the  lower  surface  of  b  is 
in  the  same  plane  as  the  lower  surface  Fig.  90. 

of  c  D  (see  the  last  paragraph  but  one, 
page  87) ;  and  the  instrument  is  so  adjusted  that  when  the 
pointer  points  to  nought  on  the  scale,  that  is,  when  the 
balance  indicates  the  equality  of  the  weight  in  the  right- 
hand  scale-pan  and  the  attraction  of  B,  the  lower  surfaces 
of  B  and  c  D  are  in  one  plana 

Such  an  apparatus  can  be  used  to  measure  a  large 
difference  of  potential  absolutely  in  volts,  and  we  might 
define  2,000  volts  as  the  difference  of  potential  between 
A  and  B  when,  the  distance  between  a  and  B  being  half  a 
centimetre,  and  the  area  of  B  100  square  centimetres,  the 
force  acting  on  B  was  0*72128  grammes.  As  will  be  seen, 
however,  later  on  (§81,  page  141),  it  is  more  convenient 
to  define  a  volt  in  terms  of  the  ampere  (the  standard 
of  current)  and  the  "  ohm  "  (the  standard  of  resistance). 

Example  17. — If  in  the  apparatus  shown  in  Fig.  29 
the  suspended  plate  b  were  square,  and  its  edge  1  '4  centi- 
metres long,  and  if  the  distance  between  it  and  the  fixed 
plate  A  were  3  millimetres,  what  potential  difference  in 
volts  must  be  maintained  between  a  and  b  so  that  the 
attractive  force  may  be  1  milligramme ) 


y 
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From  what  has  preceded,  we  see  that  the  attractive 
force  on  each  square  centimetre  of  the  area  of  the  siia- 
pended  plate  is 

4-508  X  10-»V" 

"        ■  fframmeSk 

ihorefore  the  force  on  the  whole  suspended  plate  ii 

,  ,,     4-608  X  10-»V» 

0^^ grammes, 

and  this,   by  the  question,  has  to  be  equal  to  0*001 
grammea     Hence 

0-3  X  10»         /  0-001 


V  = 


Vo-i 


1-4  V    4-508 

iinmer.— 319*2  Yolts. 


Example  18. — ^If  the  movable  plate  be  circular,  what 
must  be  its  diameter  so  that  when  at  a  distance  of  1 
millimetre  from  the  fixed  plate  a  difference  of  potentials 
of  10  volts  shall  produce  an  attraction  of  ^hf  g^^tunme  ? 

Let  X  be  the  diameter  of  the  circular  movable  plate  in 
centimetres,  then  its  area  equals 

4 

Hence,  as  the  potential    difference    is    10    volts^    the 

force  is 

wa^      4-608  X  10-"  x  10» 

—  X — grammes, 

and  this  is  to  be  equal  to  ^hf ;  therefore 

flj  =  2  xOl  X  10*         ^         ^^ 


V 


X  4-508 
Answer, — 63*14  centimetres. 

Example  19. — If  the  suspended  plate   be  3*6  square 
centimetres  in  area,  what  must  be  its  distance  from  the 
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fixed  plate  80  that  120  volts  may  produce  an  attractioii  of 
r^grammel 

If  SB  be  the  distance, 

^  ^      4-508  X  10->«  X  120»        1 

»•  500 


.-.      «=  120  X  10-*  ^3-5  X  4-508  x  500 

Answer, — 1*066  millimetra 

Bxample  20. — ^What  force  will  be  produced  on  a 
mo^vable  plate  of  4-3  square  centimetres  4  millimetres 
distant  from  the  fixed  plate,  if  the  potential  difference  be- 
tween them  is  75  Tolts  1 

Anmoer — 0-06816  milligrammes. 

46.  Inoreasing  the  Sensibility  of  the  Weight  Sleo- 
trometer  by  using  an  Auxiliary  High  FotentiaL-— 
It  would  be,  howoTer,  quite  impoanble  with  tach  on  apparatna 
to  measore  a  potential  d^erenoe  of  one  or  two  volts,  since  nnleei 
the  dirtanoe  between  the  plates  was  Ttey  small — in  which  case  want 
of  perfect  pandlelism  of  the  plates  woiUd  introduce  a  serious  enor 
— the  force  of  attraction  even  with  a  £urly  large  suspended  phita 
would  be  extremely  smalL  By  employing  the  following  device, 
however,  the  distance  between  the  plates  may  be  several  milli- 
metres, and  the  force  of  attraction  some  grains  when  a  potential 
diflerenoe  of  one  or  two  volts  between  the  bodies  p  and  o  (Fig.  29) 
has  to  be  measured. 

Let  the  fixed  plate  a  be  charged  permanently  to  a  very  high 
and  constant  potential,  Y  volts,  by  being  connected  with  a  body  a 
which  is  at  that  potential,  Y  being  measured  relatively  to  a  motidlic 
case  (not  shown  in  the  figure)  which  encloses  the  apparatus.  First 
Irt  the  suspended  plate  b  and  the  guard  ring  c  d  be  connected  with 
one  of  the  bodies  p,  having  a  potential  V],  in  volts,  relativelv  to  the 
case  of  the  apparatus,  then  if  /i  is  the  force  in  grains  when  the 
suspended  plate  of  area  a  square  inches  is  in  the  plane  of  the  guard 
ring,  and  at  a  distance  d  inches  from  the  fixed  plate, 

/i  =  6-966  X  lO-*  X    -- ^r^ 

From  this  equation  it  will  be  seen  that  even  if  f^  Is  larger  than 
it  was  when  p  and  o  were  connected  with  a  and  b  respectively,  d 
may  now  be  very  much  larger  than  the  distances  previously  em- 
ployed to  separate  the  plates,  nnce  Y-  f^  is  very  great  compared 
aiths^ 
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Next  connect  q  with  the  suspended  plate  b  and  the  guard  ring 
0  D,  then  if  the  potential  of  a  be  9|  volts  relatiyely  to  the  outside  of 
the  apparatus,  uid  if /a  be  the  attraction  in  grains  for  the  same  dis- 
tance d  between  th  3  platen, 


/,=  6'966  X  I0-*  X^-^^rr^- 


Hence 


^6-965  X  10-«  X  a  ^^"^^      ^"^  ' 

If /i  and/,  be  measured  in  g^rammee,  d  in  centimetres,  and  a  in 
square  centimetres,  then  reasoning  in  the  same  way,  we  obtain 

"""^  ^y«-608  X  10-»  x"^  ^^*~  '^^''- 

Of  course  vOs  "  ^/Ti  ^^  ^  °^  lar^  than  would  have  been  the 
square  root  of  the  force  of  attraction  if  p  and  o  had  been  respectively 
connected  simply,  one  with  the  fixed  plate  a,  and  the  other  with  the 
movable  plate  and  guard  ring,  and  if  the  high  potential  of  a  had 
not  been  used ;  but/]  and  /,,  the  two  forces,  will  be  each  large,  and 
can  be  accurately  measurod,  and  what  is  especially  important,  d 
will  be  large,  and  the  eiror  arising  from  want  of  perfect  parallelism 
of  the  plates  entirely  eliminated. 

Another  and  simpler  method  of  using  the  preceding  apparatus 
consists  in  keeping  the  attractive  force  constant,  and  in  varying,  by 
means  of  a  micrometer  screw,  the  distance  between  the  fixed  and 
movable  plates,  so  that  this  constant  force  (which  must  of  course 
be  known  in  grains  or  grammes)  is  exerted  between  the  platei 
when  the  lower  surface  of  the  movable  one  is  in  the  same  plane  as 
the  lower  sur&u»  of  the  guard  ring.  If  then  di  and  d^  be  the 
distances  in  centimetres  respectively  when  the  same  force  /  in 
grndns  is  produced  when  b  is  connected  respectively  with  p  and  o, 
A  being  connected  with  b, 

/=  6-956  X  10-*^-^^=-^'. 

»i 

/=  6-966  X  lO-^^^J"^'^. 

"fi-t^=  (*-*)V — 

^    6-956  X  10-»  X  « 
If  «i— «k  is  very  small,  so  also  wiU  be  d%-di,  but  di  and  d%  will 


_• 
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tiieinselree  be  large,  so  that  no  error  will  be  prudnoed  on  aooonnt  of 
want  of  perfect  parallelism  of  the  fixed  and  movable  plates. 

Two  electrometera  on  this  principle  have  been  invented  br  Sir 
William  Thomson;  in  the  one,  the  "ahtolute  eleetrometery*  the 
force  exerted  on  the  movable  plate  b  (Fig.  29)  is  known  in  grammes 
or  giaiiis,  so  that  the  potential  difference  is  measured  abs(uutel7  in 
yolts;  in  the  other,  the  "p&rlabU  eUetrometer,"  the  value  of  this 
force  ia  not  knovni,  but  it  is  always  the  same  when  the  lower  sur- 
face of  the  movable  plate  b  is  in  the  same  plane  as  the  lower 
surface  of  the  guard  rin?  c  d.  With  this  latter  arrangement  we 
cannot  determine  a  potential  difference  vi  -  fs  absolutely  in  volts, 
but  we  can  use  the  instrument  as  a  relative  electit>meter,  and 
meaaare  the  ratio  of  fi  to  fj  by  taking  a  third  or  earth  reading, 
obtained  by  reducing  the  potential  of  a  b  to  nought  b}'  connecting 
it  to  the  metallic  case  of  the  instrument :  then  if  <^  is  the  distance 
in  inches  between  the  fixed  and  movable  plates, 

/=  6-966  X  10-*     ^  ^,    ^  grains. 

Combining  this  with  the  two  other  equations  for/,  we  have 


ri- 

-0  = 
-0  = 

V  6-966 

X  10-» 

X  a 

• 
•  • 

V  6-966 
dt-dt 

/ 
X  lO-* 

Xa 

With  Sir  William  Thomson's  absolute  and  portable 
electrometers,  a  potential  difference  of  one  volt  can  just 
be  measured. 

A  far  more  sensitive  relative  electrometer,  but  one 
which  is  not  at  all  portable,  as  hitherto  constructed,  is 
Sir  William  Thomson's  *'  qvadrcmt  electrometer"  which 
owes  its  great  sensibility  to  the  fact  that,  unlike  the  last 
two  instruments,  the  sensibility  of  the  quadrant  electro- 
meter is  increased  by  increasing  the  potential  of  the 
auxiliary  electrified  body.  The  quadrant  electrometer  in 
its  most  perfect  foiin  is  too  complicated  an  instrument 
to  be  employed  hj  a  beginner,  but  a  description  of  the 
details  of  the  construction  of  a  simplified  type  is  given 
in  §  75,  page  130. 
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46.  Bough  llectTOmeter. — A  "ffold4eqf  eketroteope" 
is  8  rough  electrometer  or  potential  difference  ineaaurer. 
This  inatruinent,  an  genenJly  made,  has  a  variety  of  de- 
fects, wliich  will  be  referred  to  later  on,  but  a  form  devUed 
by  the  author,  and  in  which  these  defects  are  eliminated, 
is  shown  in  Fig.  31.  It  consiBtu  of  a  glass  shade  a  a 
resting  on  a  wooden 
"  base,  and  covered  inside 

with  strips  of  tin-foil  T 
so  as  to  leave  only  suffi- 
cient of  the  glass  bare  to 
enable  the  gold-leares  to 
be  visible.  These  strips 
of  tin-foil  are  bent  round 
the  bottom  of  the  ^ass 
shade,  and  connected 
electrically  with  a  brass 
ling  round  the  bottom 
of  the  outdde  of  the 
shade.  To  this  ring 
three  horizontal  brass 
legs  are  attached  for 
fixing  the  shade  to  the 
base,  and  in  one  of  them 
is  a  binding-screw  s  ior 
I  holding  any  wire  which 
we  wish  t«  electrically 
connect  with  the  tin 
PK.  31.  foil  coating.     Inside  the 

shade  o  a,  a  thin  rod 
of  flint-glass  g  g,  shaped  as  shown,  is  cemented  into 
two  holes  in  the  base,  and  at  the  centre  of  this  rod  is 
cemented  a  little  metallic  tube  t  t,  carrying  a  thick  wire 
w  w,  and  the  gold-leaves  l.  This  wire  w  w  passes 
through  the  to|)  of  the  instrument  vnlkmU  louchwuj  it, 
and  may  carry  at  ita  top  a  little  knob  or  a  little  binding- 
screw.  V  is  a  vessel  containing  pumice-stone  soaked  in 
Htrong  sulphuric  acid,  which  has  the  effect  of  keeping  the 
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intiaricr,  and  oonaequentlj  the  glass  rod  g  g^  quite  drj. 
When  the  instrament  is  not  in  use,  the  little  ebonite 
stopper  p^  sliding  a  little  stiffly  on  the  wire,  is  pushed 
down,  and  so  closes  the  hole  in  the  top  of  the  instrament. 

47.  Action  of  a  Gold-leaf  Electrofloope. — It  has 
h&sa  stated  (§  43,  page  87-)  that  when  two  conductors  in 
the  immediate  neighbourhood  of  one  another  are  at 
different  potentials  they  tend  to  approach  one  another 
with  a  force  which  depends  solely  on  the  potential  dif- 
ference, and  on  the  shape  and  relative  poeition^of  the 
conductors.  Hence  it  follows  that  when  the  gold-leaves 
and  the  tin-foQ  coating  of  the  electroscope  are  at  different 
potentials,  there  will  be  for  each  potential  difference  a 
certain  definite  force  pulling  each  gold-leaf  towards  the 
tin-  foil  coating  on  its  own  side.  This  causes  the  gold-leaves 
to  diverge,  and  consequently  to  be  slightly  raised  until 
the  forces  due  to  their  weight  exactly  balance  the  forces 
of  attraction  between  them  and  the  tin-foil  coating. 

For  a  given  gold-leaf  electroscope^  then,  the  di- 
vnrgence  of  tlie  gold-leavea  depends  iimply  on  the  poten- 
tial diference  between  the  gold-lea/vee  h,  and  the  tin-foil 
coating  T ;  and  the  value  of  any  particular  divergence 
of  the  leaves,  noted  on  a  fixed  graduated  scale  attached 
to  the  electroscope,  but  not  shown  in  the  figure,  can 
be  ascertained  in  volts  for  any  particular  electroscope 
by  comparison  with  a  weight  electrometer  previously  de- 
scribed, or  it  can  be  calibrated  by  the  method  described 
in  §  191,  page  354. 

Experiment  shows  that  a  well-made  electroscope, 
with  the  leaves  made  of  thin  pure  gold — ^not  "Dutch 
goldy"  which  vi  often  employed  for  this  purpose — will 
show  a  perceptible  divergence  for  a  potential  difference  of 
about  100  volts. 

If  w  w  be  connected  with  the  screw  s  by  means  of  a 
piece  of  wire,  no  difference  of  potentitds  can  be  set  up 
between  the  gold-leaves  and  the  outside,  hence  no  diver- 
gence of  the  gold-leaves  can  be  produced  even  by  putting 
the  electroscope  on  an  insulating  stand,  and  charging  it 
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80  that  sparks  can  be  drawn  from  any  part  of  the  electro- 
scope on  the  finger  being  approached. 

If  the  wire  w  w  be  connected  with  any  body  A,  and 
the  binding-screw  s  with  any  body  B,  then  the  divergence 
of  the  gold-leaves  serves  to  show  the  potential  difference 
between  a  and  b  in  accordance  with  the  absolute  cali- 
bration curve  of  the  particular  instrument.  If  then  B 
be  a  gas-  or  water-pipe  in  connection  with  the  earth,  the 
potential  of  the  tin-foil  coating  will  be  nought,  and  the 
divergence  of  the  gold-leaves  will  measure  simply  the 
potential  of  a. 

In  a  moist  country  like  England  the  divergence  of  the 
gold-leaves  will  approximately  measure  the  potential  of 
w  w,  or  of  any  conductor  electrically  connected  with  w  w, 
relatively  to  the  earth  without  connecting  s  with  the 
earth  by  means  of  a  wire,  since  the  film  of  moisture  which 
condenses  on  the  dusty  wooden  base  makes  a  more  or  less 
good  electric  connection  between  s  and  the  ground,  so 
that,  unless  special  precautions  be  taken  to  insulate  the 
wooden  base  from  the  ground,  the  tin-foil  coating  may 
be  regarded  as  being  approximately  at  the  potential  of 
the  earth. 

48.  Objections  to  the  Ordinary  Methods  of  Con- 
structing Gold-leaf  Electroscopes. — In  the  gold-leaf 
electroscopes  commonly  met  with  in  sho]is,  the  rod  w  w, 
carrying  the  gold-leaves  L,  is  supported  from  the  top  of 
the  instrument,  as  if  the  sliding-plug  p  (Fig.  31)  were 
permanently  kept  pressed  down,  and  the  glass  rod  g  g 
removed.  The  consequence  is  that  there  is  a  great 
tendency  for  electricity  to  leak  down  the  outside  of  the 
glass  shade,  on  account  of  the  moisture  and  dust  on  it. 
And  farther,  even  if  the  inside  of  the  glass  shade  were 
clean  and  dry,  and  had  no  tin-foil  pasted  on,  much  moi'O 
electricity  would  leak  along  its  surface  than  would  leak 
along  the  suiiace  of  the  thin  flint-glass  rod  g  g.  For  the 
breadth  of  the  surface  at  right  angles  to  the  direction  of 
leakage  is  much  greater  in  the  case  of  the  shade  than  in 
the  case  of  the  ix>d|  or  simply  the  width  of  the  road 
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along  which  leakage  takes  place  is  much  greater  for  the 
surface  of  the  glass  shade  than  for  the  surface  of  the  rod. 
To  avoid  this  leakage,  it  is  the  practice  of  electrical 
instroment  makers  to  endeavour  to  render  the  surface 
of  the  shade  as  insulating  as  possible  by  coating  it  with 
sh^lac  -varnish,  which  is  less  hygroscopic,  or  attractive 
of  moisture,  than  the  glass,  and  by  not  using  any  tin-foiL 
But  the  effect  of  rendering  the  glass  shade  insulating  is 
to  cause  some  conductor  outside  the  instrument  (the 
table,  or  the  walls  of  the  room,  or  it  may  be  the  body  of 
the  experimenter)  to  replace  electriodly  the  tin-foil 
coating  t  seen  on  the  glass  shade  in  Fig.  31.  Hence, 
the  gold-leaf  electroscope,  when  constructed  of  the  form 
usually  met  with  in  shops,  measures  when  dry  the  dif- 
ference of  potentials  between  the  gold-leaves  and  some 
vague  body  outside  the  apparatus.  And  whenever  we 
use  it,  we  are  landed  on  the  horns  of  a  dilemma — ^if  we 
leave  the  outside  of  the  shade  damp  (as  it  frequently  will 
be  in  England  unless  it  be  dried  near  a  fire),  the  |iotential 
of  the  outside  of  the  glass  becomes  practically  that  of  the 
earth,  and  the  indications  of  the  instrument  have  a 
definite  meaning.  But  the  insulation  of  the  glass  being 
much  lowered  by  this  coating  of  moisture,  the  mere  con- 
necting of  any  charged  body  by  a  wire  with  the  knob  of 
the  electroscope  tends  to  dischaige  the  body,  or  lower  its 
potential.  On  the  other  hand,  if  we  take  precautions  to 
clean  and  dry  both  surfaces  of  the  glass  shade,  this 
leakage  difficulty  may  be  overcome,  but  then  a  most 
serious  vagueness  is  introduced  as  to  which  of  the 
vajrious  conductors  outside  the  electroscope  is  the  one 
with  whose  potential  the  potential  of  the  body  under 
test  is  being  compared.     (See  §  57,  page  108.) 

49.  Oondaction  and  Induction. — A  conductor  can 
be  electrified  either  by  a  tranter  of  electricity  between 
it  and  another  conductor,  or  merely  by  an  alteration  in 
the  distrilnUion  of  the  electricity  on  its  surface  without 
any  transfer  of  electricity  to  another  conductor.  In 
the  former  case  the  body  is  said  to  be  electrified  "by 

H 


98  PBAonoAL  KuxmuciTT.  (Ci»»  m 

conduction."  or  **  condudwely ; "  in  the  latter  **by  in- 
dtLction,*^  or  " indvLctively**  Loading  or  nnloailing  a  ship 
woald  be  analogous  with  electric  conductioni  while  shift- 
ing some  of  the  cai^  from  the  bow  to  the  stem  would 
be  analogous  with  induction.  Acting  inductively  on  a 
charged  insulated  conductor  neither  increases  nor  dimi- 
nishes the  charge  on  the  conductor  as  a  whole,  although 
it  alters  the  distribution  of  the  charge  (see  7—7,  §  69, 
page  123).  If  the  conductor  be  previously  uncha^rged, 
then  acting  inductively  on  it  pnjduoes  no  charge  on  it  as 
a  whole,  but  merely  induces  equal  and  opposite  charges 
on  its  two  sides  or  ends  {iee  ^,  §  69,  page  124).  An  in- 
ductive method  may,  however,  be  conveniently  employed 
to  charge  a  conductor  by  connecting  it  with  the  esu-th 
by  a  wire,  while  an  electrified  body  Lb  held  near  it,  then 
removing  the  earth  connection,  and  lastly,  the  electrified 
body.  If  this  electrified  body  has  a  positive  potential, 
the  chaige  induced  in  the  conductor  will  be  negative. 
Instead  of  connecting  the  conductor  with  the  earti^  by  a 
wire,  one's  own  body  may  be  used,  and  the  conductor 
touched  with  the  finger. 

When  the  gold-leaves  of  an  electroscope  are  charged 
inductively  in  this  way,  care  must  be  taken  not  to  in- 
duce too  great  a  charge  in  the  knob,  as  otherwise  on 
removing  the  electrified  body,  the  leaves  will  diverge  so 
widely  as  to  be  torn  asunder. 

60.  Potential  Uniform  at  All  Points  Inside  a 
Closed  Conductor. — ^We  have  seen  that  when  electricity 
is  at  rest  on  a  conductor  the  potential  at  all  points  of  the 
conductor  is  the  sama  The  following  experiment  will 
show  that  not  only  is  this  the  case,  but  that  the  potential 
at  all  point8  inside  a  closed  hollow  conductor  is  uniformy 
and  has  the  same  value  as  at  any  point  on  the  surface  of 
the  conductor: — Attach  one  end  of  a  fine  wire  to  the 
knob  of  the  electroscope,  and  the  other  to  the  end  of 
a  clean  dry  glass  rod,  which  is  to  be  used  as  an  insulating 
handle  for  holding  the  end  of  the  wire  by.  Then,  if  this 
end  be  touched  against  the  outer  surface  of  a  conductor^ 
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eharged  oondactively  or  inductivelyy  or,  after  being  intro* 
dnoed  inside  the  conductor  through  a  hole  in  its  surface, 
it  be  first  touched  against  the  inside  surface,  and  then  be 
held  merely  inside  the  hollow  conductor  without  touch* 
ing  it,  or  be  moved  about  inside  the  hollow  conductor, 
the  divergence  of  the  gold-leaves  will  be  exactly  the 
same,  proving  what  is  stated  above.  The  hole  in  the 
surface  of  the  conductor  through  which  the  test  wire  is 
introduced  may  be  fairly  large — as  large,  for  example,  as 
the  opening  at  the  top  of  a  coffee-pot — without  altering 
what  has  just  been  stated,  excepting  for  points  in  the  air 
just  inside  the  pot  dose  to  the  opening,  where  the 
potential  will  be  somewhat  different  from  the  uniform 
potential  inside  the  pot  If,  however,  the  opening  be 
small,  then  the  potential  even  just  inside  the  opening 
will  be  found  to  be  the  same  as  the  uniform  potential  of 
the  pot,  so  that  if  the  metallic  surface  of  the  conductor  be 
not  continuous,  but  be  mctde  of  voire  gauze^  or  even  of 
hits  of  wire  W^  a  bird-cage^  the  potential  is  found  to  be 
vm^orm  innde^  unless  the  meshes  of  the  wire  gauze  be 
very  large. 

51.  No  Force  Inside  a  Cloaed  Conductor  Due  to 
Exterior  lilectriflcation.^-Since  the  potential  at  all 
points  inside  a  hollow  closed  conductor  is  uniform  and 
equal  to  the  potential  of  the  surface  of  the  conductor,  as 
&r  as  exterior  electrification  is  concerned,  it  follows  that 
if  there  be  electrified  bodies  inside  a  hollo  w^  conduc- 
tor, either  some  or  all  insulated  from  the  conductor,  the 
raising  or  lowering  of  the  potential  of  the  conductor 
relatively  to  the  earth  will  not  alter  in  the  slightest  the 
potential  difference  between  any  two  bodies  inside.  In 
fact,  no  matter  what  electrified  bodies  there  may  be  in- 
side the  conductor,  the  relative  internal  distribution  of 
potential  will  be  quite  unaffected  by  electrifying  the  con- 
ductor outside,  either  conductively  or  inductively.  This 
experiment  was  first  tried  by  Faraday  on  a  large  scale ; 
he  found  on  taking  his  most  delicate  electrical  appa- 
ratus inside  a  room  which  he  had  had  built  of  wood 
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twelve  feet  cube,  ooverad  with  tin-foil  to  aa^ca  it  coo- 
ducting,  aatl  insulated  aothat  it  coald  be  chained,  that  he 
was  totnllr  unable  to  detect  the  slightest  evidence  of  this 
room  being  electrified  outside,  even  when  it  was  so  pow^v 
fully  electrified  that  sparks  were  being  given  off  by  the 
walla  of  the  room,  nor  could  be  detect  any  evidence  of 
any  electric  disturbance 
produced     outside    the 
room.     Hiis  important 
fact   may  be  expressed 
by  saying  that  there  u 
no  eUetric/orce  irttitk  a 
eondvclor  due  to  exUrior 
eleetrificalicm,  or  a  tne- 
taliic    shell,   Tto    matter 
lioto     thin,     completely 
tereena     inside     hodiee 
from  exterior  eleetr^ea- 
tum. 

Thia  fact  may  be 
tried  experimentally, 
thus— cc  (Fig  32)  is  a 
csge  made  of  rather  fine 
wire  gauze,  and  sup- 
ported on  an  insulating 
stand.  Inside  this  cage 
are  suspended  one  pair 
of  pith  balls,  by  means 
Fig.  M.  of  silk  fibres,  which  are 

fairly  insulating,  and 
one  i^ir  by  pieces  of  cotton,  whicb  is  relatively  a  fairly 
good  conducting  substance.  Outside  the  cage  one  or 
more  pairs  of  pith  balls  are  suspended  by  pieces  of 
cotton.  Then  it  will  be  found  that,  whereas  the  pith 
balls  outside  the  cage  can  be  made  to  diverge  from 
one  another,  either  by  bringing  an  electrified  body  near 
the  cage  so  as  to  electrify  it  inductively,  or  by  giving 
it  a  charge,  it  is  impossible  by  any  method  to  prodnce 
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the  alighteat  diyergenoe  of  either  of  the  pain  of  the  pith 
balls  inside  the  cage. 

The  ooQYerse  of  this,  howerer,  is  noi  wfdver9aUy 
trae,  that  is,  %  metallic  box  may  or  may  not  screen 
bodies  placed  ouitids  it  from  the  action  of  an  electrified 
body  put  itmde  the  box.  Four  distinct  cases  must  be 
oonlBickred. 

1.  If  the  box  be  connected  with  the  earth  the 
screening  acticm  will  be  perfect  whether  the  box  be  small 

or  larga 

2.  If  the  metallic  box  be  not  connected  with  the 
earthy  and  be  not  much  larger  than  the  electrified  body 
inside  it,  the  screening  action  will  be  Tery  small. 

3.  If  the  box  be  not  connected  with  the  earth,  but 
if  the  dimensions  of  the  side,  which  is  between  the  body 
inside  it  and  the  body  outside,  be  fiairly  large  compared 
with  the  distance  between  the  bodies,  the  screening  action 
will  be  considerable. 

4.  If  the  dimensions  of  the  side  referred  to  in  3  be 
Tery  large,  then  the  screening  action  will  be  as  perfect 
as  with  arrangement  1. 

82.  A  Metallic  Box  not  a  Hagnetic  Screen  unless 
made  of  Very  Thick  Iron. — Contrasted  with  the  ex- 
periment made  with  the  afyparatus  shown  in  Fig.  32, 
the  following  may  be  tried  : — b  b  (Fig.  33)  is  a  wooden 
stand  covered  with  a  glass  shade,  and  having  inside  it  a 
small  magnetic  needle  m^  suspended  by  a  fibre  of  unspun 
silk  from  a  fixed  wire  bridge.  Attached  to  the  needle  is 
a  Icing  pointer  |>|>,  by  means  of  which  the  deflection  of 
the  needle  is  read  ofiT  on  a  scale  fastened  at  the  base  of  the 
instrument,  The  magnetic  needle  takes  up  a  particular 
position  due  to  the  earth's  magnetic  attraction,  from  which 
it  may  be  deflected  by  means  of  the  magnet  m,  which  can 
be  fixed  in  any  desired  position.  If^  now,  when  the 
needle  tn  has  been  deflected  30^  or  40^  from  the  position 
it  occupied  due  to  the  earth,  screens  of  copper-wire  e  c, 
brass  wire  h  5,  dec,  be  successively  put  over  the  stand  and 
glass  shade  b  b^  and  thus  interposed  between  if  and  m,  it 
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willbefound  that  not  ibe  slightest  change  will  be  produced 
in  the  deflection  of  ni,  or,  in  other  words,  the  inaertioo  of 
these  screens  does  not  in  any  w»f  diminish  the  magnetic 
attraction  between  if  and  m.  And  this  will  be  found  to 
lie  still  the  case  even  when  a  screea  made  of  iron  wire  is 
interposed.  In  making  this  latter  experiment  it  is  some- 
times found  that  the  interposition  of  a  screen  made  of 
iron  wire  does  vary  the  deflection,  but  on  examination  it 
will  be  found  that  this  variation  is  due  to  the  iron  wine 
itself  having  been  previously  magnetised,    and    having 


retained  some  of  its  previous  magnetism  from  its  being 
hard,  and  not  to  its  shielding  nt  from  u.  The  proof  of 
this  is  that  taming  round  the  screen  will  alt«r  the  deflec- 
tion of  nt,  and  hence  that,  white  with  one  position  of  the 
iron  screen  the  deflection  of  m  is  diminished,  with  another 
it  will  be  much  increased.  This  disturbing  effect  arising 
from  residual  magnetism  on  the  screen,  can  be  avoided 
by  constructing  the  screen  of  soji  iron  wire,  and  making 
it  red-hot  just  before  the  experiment 

If,  however,  a  wide  plate  of  thick  soft  iron  be  in- 
set-teti  between  H  and  m,  the  deflection  of  m  from  its 
position  due  to  the  earth's  magnetism  will  be  diminished, 
and  if  B  B  be  inserted  inside  an  iron  box,  'whose  tddes 
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have  the  thickness  of  the  sides  of  an  ordinary  iron  safe, 
then  not  merely  will  this  box  soreen  mfrom  the  action  of 
M,  but  also  from  the  earth's  m^netic  action. 

98.  Huine  ChUvUiometei. — This  plan  of  screening 
a  suspended  ro^netic  needle  from  oatside  magnetic  attrac- 
tion, by  inserting  the  former  in  an  iron  box  with  very 
thick  sides  to  it,  has  been  em]:^oyed  by  Sir  W.  Thomson 
in  his  "  marine  gal  nanometer,"  an  instrument  intended  to 
be  used  on  board  steam-ahipe,  where  the  motion  of  the 
large  masses  of  iron  composing  the  engines,  the  shaft  of 
the  screw,  Ac,  would  seriously  disturb  the  deflection  of 
an  ordinary  unshielded  galvanometer.  Oscillations  of 
the  needle  that  might  be  produced  by  the  rolling  of  the 
ship  are  avoided  by  suspending  the  needle  by  a  fibre 
attached  above  and  below,  and  passing  throngh  the 
centre  of  gravity  of  the  needle,  as  described  in  g  27, 
page  60. 

54.  Sefleotiaf  QalTanometers.  —  With  the  nmi4ne 
galvanometer,  and  generally  with  all  Sir  W.  Thomson's 
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galvanometMS,  a  very  small  defiection  of  the  needle  can 
be  observed  without  the  employment  of  a  long  pointer 
(which  wonld  be  unwieldy,  and  by  adding  to  the  mo- 
ment of  inertia  of  the  suspended  arrangement,  would 
render  the  needle  sluggish),  as  well  as  without  the  em- 
ployment of  a  microscope,  by  the  reflection  of  a  ray  of 
light  from  a  small  piece  of  looking-glass  fastened  to  the 
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ndier,  a  ronod  hole.  Mid  to  stretch  a  fine  wire  ktou  it 
vntically,  the  image  of  this  wire  od  the  soreon,  and  not 
the  edges  of  ^e  spot  of  light,  being  used  to  read  b^.  Be- 
cause not  merely  can  the  spot  of  light  be  laige,  in  .which 
case  tii6  nomben  cm  the  gradnated  scale  can  be  easily 
Been  by  it,  but  any  flickering  of  the  flame,  prodaoed  by 
a  draogh^  although  causing  the  spot  of  light  on  the  scale 
to  flicker  in  a  correaponding  manner,  doea  not  produce 
any  flickering  of  tbe  image  of  the  wire. 


An  objection  to  the  use  of  a  plane  mirror  »  and  the 
lens  L,  ia  that  the  image  on  the  icale  is  necessarily  rery 
much  laiger  than  the  object,  and  hence  not  nearly  as  well 
iQnininated.  A  better  plan  is  to  use  a  concave  mirror, 
vith  which  an  image  can  be  formed  on  the  scale  without 
the  use  of  a  lens  at  all,  the  distance  between  the  lamp  and 
the  mirror  being  then  equal  to  the  radius  of  the  mirror. 
But,  perhaps,  the  best  method  is  that  due  to  Mr.  Mad- 
ford,  a  former  stodeot  of  tiie  Finsbnry  Technical  Collie, 
which  coDsista  in  using  the  concare  mirror  and  putting  a 
double  convex  lens  l  l  between  the  wire  w  and  the  flame  p, 
as  ahown  in  Fig.   36.     With  this  arrangement   a  goo4 
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image  ia  obbuned  with  &  comparatively  Braall  flame.  The 
lena  shonld  be  placed  close  behind  the  wire,  and  the  flame 
sbonld  be  at  about  the  principal  foctu  of  the  lens,  bo  tbftt  the 
effect  ia  to  produoe  a  general  illamiuation 
of  the  lems,  which  is  found  to  give  very 
good  results  if  it  has  a  focal  length  of 
about  four  inobea.  Instead  of  a  wire, 
Mr.  Mather  haa  fband  that  a  vertical 
acmtdi  on  the  lena  produoea  a  verv  good 
image,  and  may  he  employed  instead  of 
the  wire  placed  juat  in  front  of  ^>e  lena. 

A  paniffin  hunp,  with  an  ordinary  flat 
flame,  is  commonly  employed  with  reflect- 
ing instruments,  the  edge  of  the  flame 
being  turned  towards  the  lena  j  bnt  a  gas- 
jet,  ^owD  partially  in  section  in  Fig.  37, 
and  constructed  by  Mr,  Mudford,  may  be 
conveniently  substituted  for  the  paraffin 
lamp.  To  obtain  a  fairly  intense  light, 
this  burner  is  constructed  on  the  regene- 
rative principle,  that  is,  the  air  is  heated 
before  coming  in  contact  with  the  flam& 
This  result  is  obtained  by  having  no 
opening  for  tlie  air  at  the  bottom,  and 
causing  it  a^r  entering  the  holes  h  to 
pass  down  between  the  outer  (^linder  J  J 
and  the  hot  inner  t^linder  c  o,  at  the 

I  bottom  of  which  a  ring  is  cut  away  to 
allow  it  to  get  to  the  flame.     The  ray  of 
Ha.  17.  light  passea  out  through  a  small  disc  of 

glass  at  T,  and  to  avoid  the  glass  being 
blackened  by  the  flame  being  accidentally  turned  op  too 
high,  the  burner  should  be  governed,  a  Buggs's  two  cubic 
feet  ateatite  float  burner  answering  well  for  tiiis  purpose.* 
fifi.  Ang^l1^»^  Motion  of  the  Beflaotad  Ray  la  Twloe 
the  jLnffular  Motion  of  the  IClrTOr.~-L«t  i  o  (Fig.  38)  be 
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Letup,  b 


bin  the  pontiona  « >  and  I'l'  respectively.  Letup,  b  P*  b«  per- 
poidicalar  to  the  mirroi  when  it  ia  in  OieBe  two  poaitions.  ni«n 
by  the  Uw  of  leflection, 


cheretoTB,  aubtracting  the  fint  tma  the  wcond,  w0  have 


but  b'  o  s  ia  the  an^le  throng  whii^  the  reflected  ray  ie  di 
and  p'  D  p  is  theangle  between  the  petpendicnlara  to  the  n: 


Fig.  38. 

its  t»o  pontionl,  and  ia,  therefore,  the  ui^e  through  which  the 
nitroT  IS  turned ;  hence,  icAm  a  mirror  w  tum4d  thnmgh  any  nHgU, 
Iki  TtfitHed  ray  Imtn  thrmgi  ttcie*  Ikut  anyle. 

60.  Connsotloii  between  the  Motion  of  the  Image  on 
ft  Plane  SoaIb  and  the  Angnlar  Defleation  of  the  Mirror. 
— Let  the  mirror  be  paraJlel  U>  the  «aie  when  no  current  la  pasaing, 
and  let  the  image  be  reflected  Ui  k  and  a.'  (or  curreola  t  gjid  c"  to- 
qwctively ;  then,  since  the  deflection  of  the  magnet  in  a  mirror 
giklTaoometer  is  alwaya  miatl,  knd  since  we  haTe  eeen  (J  20.  page 
46)  that  for  amall  deflections  the  canent  ia  alwaya  proportional 
to  the  tangent  of  the  deflection,  no  matter  what  be  the  shape  of 
the  coil  or  the  ihape  or  nie  of  the  needle,  provided  its  magni'tic 
axis  is  paisllel  to  the 
itfoUowsthat(Elg.  1 
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y/  1  4-  tan*  I  oil— 1       ^  1  4-  fun."*  i  o  r'— I 


\\ 


tan.  X  o  R  *  tan.  i  u  k'. 


or 


.,  V-M-^)--  .  Vwi^-. 


XR  nL 


Hence,  when  i  r  and  z  r'  are  nearly  equal,  we  may  aay  that 

-J  s  — ,  approximately, 

but  for  very  aoourate  obeervattona  this  approximation  most  not  be 
employed. 

57.  Stfttio  Electrioal  Apparatiu  shonld  he  Enclosed 
in  a  Metallic  Case. — ^In  constructing  static  electrical 
apparatus,  we  must  carefully  consider  what  are  the  ac- 
tions ve  wish  to  take  place,  and  what  to  avoid  \  tor  ex- 
ample, in  the  case  of  a  gold-leaf  electroscope  we  wish  the 
divergence  of  the  gold-leaves  to  measure  the  potential 
difference  between  one  conductor  attached  to  ibe  knob 
w  (Fig.  31),  and  another  attached  to  the  screw  s.  If,  then, 
w  and  8  be  joined  by  a  piece  of  wire  so  as  to  be  at  the 
same  potential,  we  wish  that  no  divergence  of  the  leaves 
shall  be  able  to  be  produced  either  by  electrifying  the 
electroscope  as  a  whole  conductively,  or  by  electrifying 
it  inductively  by  bringing  a  charged  body  near  it  And 
it  will  be  found,  if  the  tin-foil  coating  T  cover  nearly 
all  the  glass  shade,  only  just  sufficient  space  being  left 
without  tin-foil  to  see  the  gold-leaves  through,  that  it  is 
impossible  in  any  way  to  produce  a  diveigence  when  w  is 
electrically  connected  with  s ;  whereas,  if  there  be  not  in- 
foil,  or  if  the  tin-foil  only  cover  a  portion  of  the  shade, 
that  a  divergence  of  the  leaves  can  be  easily  produced. 

Want  of  care  in  this  particular  prevented  Piazd 
Smyth  from  being  able  to  determine,  by  his  experiments 
on  atmospheric  electricity,  made  on  the  Peak  of  Teneriffe, 
even  whether  this  electricity  was  positive  or  negative. 
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as.  Qnutity  of  Bectrioi^.— We  have  Men  that  it 
is  ptMBtUe  to  electrify  a  lun-conductor,  such  as  ebtmite, 
bj  robbing  it  with  a  piece  of  dry  clean  flannel,  and  ex- 
periment shows  that  it  can  be  either  highly  electrifled  by 
a  prolonged  robbing,  bo  that  the  gold-leaves  of  Ute  eleo- 
tnMGope  diverge  widely  when  the  ebonite  is  held  at  a  foot 
or  two  away  from  the  knob  of  the  electroscope,  or  it  may 
be  only  slightly  electrified  by  being  only  jnst  touched 
with  the  flannel,  in  which  case  the  ebonite  may  be 
brODght  quite  close  to  the  knob,  or  may  even  be  made  to 
touch  the  knob,  without  any  perceptible  divergence  of  the 
leaves  being  produceil.  The  rubbed  ebonite  may,  there- 
fore, be  said  to  possess  a  greater  or  smaller  "  eltetrie 
eiarge,"  or  the  "quanlUjf  qf  eleetrieily  "  in  the  ebonite  in 
the  flnt  case  niay  be  said  to  be  greater  than  in  the  second. 
StaricUy  speaking,  however,  aa  we  have  no  conception  of 
ths  existence  of  electricity  apart  from  the  body  which  is 
said  to  be  electrified  (as  we  have  of  a  pint  of  water  apart 
frtHO  the  pint  pot),  it  is  more  correct  to  speak  of  the 
"amount  qf  a  body' I  ekelrifieatvm  "  than  of  its  char^  of 
electricity,  or  of  Uie  quantity  of  electricity  in  it  But 
jnst  as  it  is  veiy  convenient  to  speak  of  an  electric  current, 
as  if  it  had  an  independent  existence  apart  from  the  con- 
dactor  through  which  it  is  said  to  be  flowing,  so  it  is 
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oonvenieut  to  speak  of  a  charge,  or  a  quantity  of  elec- 
tricity, as  if  electricity  existed  independently. 

In  order  to  decide  what  we  mean  by  saying  that  one 
quantity  of  electricity  is  two  or  three  times  as  great  as 
another  quantity,  or  simply  one  quantity  is  two  or  three 
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wiotts  weiglits  of  the  gMes.  The  beight  of  the  baro* 
meter,  for  example,  tella  ua,  bj  itself  nothing  about  the 
total  weight  of  air  in  the  room. 

69.  (^mpariBon  of  QoantitieB  of  Eleetridty. — In 

order  that  the  indications  of  a  difference  of  potential 
measurer  may  be  directly  proportional  to  the  chaige  on 
a  body  connected  with  it,  or  rather  to  the  charge  on 
the  body  in  excess  of  what  it  might  have  inductively 
when  its  potential  is  nought,  the  body  must  be  fixed  in 
size  and  shape,  and  in  its  position  relatively  to  other 
bodies.  So,  in  the  same  way,  in  order  that  the  indica- 
tions of  a  pressure  gauge  may  be  directly  proportional  to 
the  weight  of  a  gas,  it  is  necessary  that  the  vessel  con- 
taining it  should  be  fixed  in  size  and  kept  at  a  constant 
temperature  In  order,  therefore,  to  compare  the  weights 
of  tlie  same  kind  of  gas  in  different  vessels  at  different 
temperatures  by  means  of  measurements  of  pressure,  we 
must  first  equalise  the  temperatures,  and  then  succes- 
sively erUirdy  empty  the  gas  in  each  vessel  into  a 
standard  vessel,  and  measure  the  pressure  that  each  of 
the  quantities  of  gas,  when  put  into  the  standard  vessel, 
will  produce  by  itself. 

To  empty  all  the  gas  out  of  a  vessel  into  a  standard 
gas-holder,  to  which  the  pi^essure  gauge  is  attached,  for 
the  purposes  of  thus  ascertaining  the  weight  of  gas  in 
the  first  vessel,  would  be  an  extremely  difficult  and  in- 
convenient process ;  whereas,  to  empty  all  the  electricity 
out  of  a  body  into  a  standard  body,  attached  to  an  elec- 
troscope, is  an  extremely  simple  one.  Because,  since  thei-e 
is  no  electricity  at  the  bottom  of  the  inside  of  a  conduct- 
ing  pot  (see  §  64,  page  118),  it  foUows  that  if  a  charged 
body  be  put  inside  a  conducting  pot  and  touched  against 
the  bottom,  it  will  give  up  all  its  charge  to  the  pot,  and 
when  drawn  out,  without  touching  the  sides  of  the  pot^ 
will  be  found  to  be  completely  discharged. 

Hence,  using  this  principle,  we  can,  with  the  appa- 
ratus shown  in  Fig.  40,  compare  the  electric  charges  that 
are  given,  say,  to  the  metallic  bodies  b,  b,  when  hung  up 


poten- 
them 
or  the 
leaves 
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two  cases,  and  h^ioe  will  measure  the  relatiye  quantities 
of  electricity  on  the  two  bodies  b. 

From  what  has  been  said  it  will  be  seen  that  if  either 
of  the  bodies  had  touched  p  on  the  ouiside^  this  result 
would  not  h&ye  been  obtained ;  also  that  we  must  not,  for 
example,  stand  dose  to  p  when  making  the  first  mea- 
surement^ and  not  dose  to  p  when  making  the  second, 
since  the  essence  of  the  test  is  that  the  charges  on  the 
two  bodies  B  shall  be  sucoessiyely  erUirely  transferred  to 
the  conductor  p,  and  that  p  shall  be  absolutely  fixed  in 
exiemal  shape  and  in  position  relatively  to  other  bodies. 

Further  information  regarding  the  unit  of  electric 
quantity,  and  more  exact  modes  of  measuring  quantities  of 
eiectriciiy,  will  be  found  in  Chapter  VTL,  §  155,  page  289. 

60.  (iuantity  of  Electridty  produced  by  Rubbing 
Two  Bodies  Together.  —  On  putting  the  insulated 
char)^  body  B,  in  the  last  experiment,  into  the  pot  p, 
it  is  noticed  that  c^ier  B  has  been  Unoered  so  far  into  the 
pot  that  it  is  well  under  cover  of  the  sides  {which  occurs 
wlien  B  cannot  he  easily  seen  Jrom  outside),  no  fwrHivr 
increase  is  produced  in  the  divergence  of  ^  gold-leaves 
by  fwriher  loioering  B,  or  even  by  touching  b  against  t/ie 
Sides  or  bottom  of  the  pot.  Hence,  in  order  to  measure 
the  chaige  on  a  body,  it  is  not  absolutely  necessary  to 
dischaige  that  body  into  p,  since  experiment  shows  that 
the  potential  of  p  remains  the  same  whether  b  is  dis- 
charged into  p,  or  whether  b  is  merely  well  inside  p. 
The  fiMst  is  that  as  soon  as  B  is  well  under  cover  of  the 
sides  of  p,  there  is,  as  was  first  shown  by  Faraday,  a 
charge  induced  on  the  inside  of  the  pot  p,  exactly  equal 
to  the  charge  on  b,  but  of  the  opposite  sign,  and  another 
charge  on  the  outside  of  the  pot,  also  equal  to  the  charge 
on  B,  but  of  the  same  sign.  This  latter  chaige  remains 
unafiected  by  touching  b  against  the  pot,  as  this  has  only 
the  effect,  if  b  be  a  conductor,  of  allowing  the  charge  on 
b  to  neutralise  the  charge  which  has  been  induced  on 
the  inside  of  the  pot  equal  to  that  on  b,  but  opposite  in 
sign. 
J 
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mettos  of  the  insalating  handles,  both  the  rubbed  discs  be 
held  well  inside  the  pot^  either  both  not  toaching  the 
pot^  or  both  touching  it,  or  one  or  other  touching  it,  or 
touching  one  another,  the  divergence  of  the  gold-leaves 
is  absolutely  nought.  Hence  we  conclude  that  the  ekarges 
of  ^edrictty  in  the  dxyniie  and  caJie-fwr^  whuh  have  been 
rubbed  together,  are  not  only  oppoeite  in  Innd^  but  are 
equal  in  anwunt. 

Before  trying  this  experiment  it  is  veil  to  make  sure 
that  there  is  no  residual  charge  of  electricity  in  the  ebo- 
nite disa  This  can  be  ascertained  by  seeing  whether 
any  divergence  of  the  gold-leaves  is  produced  on  insert- 
ing the  disc  into  the  pot  before  it  is  rubbed  with 
the  cafs-fur.  If  it  is  found  that  such  a  diveigence  is 
produced,  then  the  disc  should  be  discharged  by  being 
passed  through  the  flame  of  a  spirit-lamp  before  it  is 
rubbed  with  the  disc  of  cat's-fur. 

When  this  apparatus  is  not  in  use,  the  plug  p  at  the 
top  of  the  electroscope  should  be  pushed  down  to  pre- 
vent dust  and  moisture  entering  the  electroscope;  and 
the  two  halves  of  the  indiarubber  stopper  i  should  be 
inserted  in  the  neck  of  the  glass  bottle  belonging  to  the 
insulating  stand,  to  prevent  dust  and  moisture  settling  on 
the  jdass  rod  of  this  stand. 

VL  Olgeet  of  Rubbing  Two  Bodies  Together  to 

Produce  iSleGtriilcatioiL — ^The  sole  object  of  rubbing 
together  the  two  bodies  when  one  or  both  of  them  is 
more  or  less  a  non-conductor,  is  to  bring  the  various 
parts  of  the  surfaces  of  the  two  bodies  successively  into 
intimate  contact  The  energy  expended  in  the  friction 
is  not  only  far  greater  than  the  electric  energy  developed, 
but  is  in  no  way  a  measure  of  the  latter.  This  may  be 
experimentally  seen  from  the  &ct  that  if,  after  nibbing 
a  rod  of  ebonite  with  a  piece  of  cat's-fur,  the  ^wo  be 
brought  together  towards  the  knob  of  the  electroscope 
with  the  fur  wrapped  round  the  ebonite  as  it  is  during 
the  operation  of  rubbing,  practically  no  divergence  of  the 
gold-leaves  will  be  observed ;  whereas  if  the  ebonite  and 
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«t'8-fur  be  separated  after  being  rubbed  together, 
bonite  will  produce  a  marked  divergence.  In  fact, 
11  be  more  clearly  Been  later  on  (§  189,  page  352),  Ae 
te  energy  stored  ^p  in  tlie  rubbed  ebonite  ajler  being 
ated/rtym  the  fur  u  not  ihe  e^ivalent  of  t/ie  work 
in  the  rubbing,  but  of  the  STitalt  amount  of  toork 
in  t/ie  teparati/m  against  l/ie  electrie  attraid,%on  of 
tgative  electricity  in  tite  ebonite  for  t/ie  poatftwe  in 

X  the  bodies  are  both  conductors,  simplj  touching 
together  without  rubbing  is  all  that  ib  necessary 
oduce  the  full  electrihcation,  and  no  inciiease  in  the 
;es  will  be  produced  by  nibbing  the   two    bodies 


Fig.  41. 

ber.  Of  course,  if  the  bodies  are  conductors,  one  or 
of  them  must  be  held  by  insulating  handles,  other- 
the  chaises  of  positive  and  negative  electricity  re- 
1  in  them  respectively  during  contact  will  flow 
tier  through  the  body  of  the  operator,  and  neutralise 
.notlier  on  the  conductors  being  separated. 
%.  Proof-plane. — Tlie  preceding  experiments  for 
uring  potential  differences  and  the  chaiges  of  elec- 
y  in  bodies,  must  be  carefully  distinguished'  from 
ler  experiment,  with  which  the  student  is  prob- 
more  familiar — viz.,  that  of  successively  touching 
us  parts  of  the  surface  of  a  charged  conductor  with 
Ul  disc  of  metal  h  fixed  at  the  end  of  an  insulating 
le  «,  shown  in  Fig.  41,  and  called  a  "  jrroof -plane," 
esting  the  various  electric  states  of  this  proof-plane 
inching  it  against  the  knob  of  the  electroecope  each 
after  it  has  been  touched  against  some  particular 
of  the  surface  of  the  charged  conductor. 
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63.  Electric  Density. — What  this  experiment  decides 
is  the  various  potentiab  of  the  proof-plane  at  the  different 
times  when  it  is  being  touched  against  the  knob  of  the 
electroscope,  and  not  the  potentials  of  the  various  parte 
of  the  surj^ce  of  the  conductor  against  which  it  has  been 
touched.  The  proof-plane  when  touching  the  charged 
conductor  has  the  potential  of  the  conductor;  and, 
further,  if  when  in  contact  with  the  conductor  it  be 
pressed  flat  against  the  surface,  the  quantity  of  electricity 
that  was  previously  on  the  bit  of  the  surface  of  the 
conductor  now  covered  by  the  proof-plane  rests  on  the 
sar&ce  of  the  proof-plane,  inst^ul  of  on  the  surface  of 
the  conductor.  When  the  proof-plane  is  removed  by  the 
insulating  handle,  it  will  carry  away  with  it  the  charge 
of  electricity,  provided  that  in  taking  the  proof-plane 
away  it  be  moved  wUhotU  tilting  along  a  line  per- 
pendicular to  the  surface.  But  its  potential  alters  as  it 
is  being  moved,  so  that  while  when  the  proof-plane  is  in 
contact  with  the  charged  conductor,  its  potential,  quite 
irrespectively  of  the  quantity  of  electricity  that  happens 
to  be  on  it,  is  simply  that  of  the  charged  conductor,  its 
potential,  but  not  its  charge  of  electricity,  varies  as  it  is 
moved;  and,  finally,  when  the  proof-plane  has  been 
moved  out  of  the  influence  of  the  charged  conductor,  and 
is  then  put  into  contact  with  the  knob  of  the  electro- 
scope, its  potential  becomes  simply  proportional  to  the 
charge  of  electricity  on  it. 

Hence  tJie  divergence  of  the  gold-leaves^  which  (accord- 
ing to  the  calibration  curve  of  the  electroscope)  measures 
directly  the  potential  of  the  proof-plane^  measures  in- 
directly  the  electric  charge  residing  on  it,  and  which 
previously  resided  on  t/iai  small  hit  of  the  surface  of  t/te 
charged  conductor  that  was  covered  up  by  the  proof-plane. 
This  quantity  of  electricity  is  proportional  to  the 
" electric  density"  or  the  quantity  of  electricity  residing 
on  a  unit  of  area  at  that  part  of  the  surface  of  the 
charged  conductor  touched  by  the  proof-plane.  And  the 
demity  ia  called  positive  or  negative,  according  as  the 
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charge  taken  away  on  the  proof-plane  is  positiTe  or 
negativoL 

Experiments  made  thus  with  a  proof -plane  show  that, 
in  the  case  of  an  electrified  flat  sheet  of  metal  which  is 
far  away  from  other  conductors,  the  density  is  veiy  much 
larger  near  the  edges  than  it  is  at  points  far  removed 
from  the  edges,  and  is  less  and  less  the  farther  the  point 
is  from  the  edge.  If,  however,  two  flat  sheets  of  metal 
such  as  A  and  b  (Fig.  29,  page  88)  be  placed  parallel  to 
one  another,  and  near  together,  the  density  at  any  point 
on  either  of  the  opposed  surfaces  is  found  to  be  the 
same  in  value,  but  is  positive  on  the  surface  of  one  of 
the  plates  and  negative  on  the  other.  At  points  near 
the  edge  of  the  upper  surface  of  a  the  density  wiU  be  a 
little  less  than  when  it  is  nearer  tli6  middle  of  that  sur&ce, 
but,  if  the  potential  of  B  and  of  the  guard  ring  c  d  be 
the  same,  the  density  at  all  points  on  the  lower  surface 
of  B  will  be  abwhUely  the  same. 

In  the  case  of  a  charged  conically-shaped  conductor, 
such  as  is  shown  in  Fig.  118,  page  316,  the  density  is  very 
great  at  the  pointed  end,  and  comparatively  smidl  at  the 
rounded  end.  The  use  of  the  special  apparatus  on  which 
the  conical  body  is  supported  for  enabling  accurate  ex- 
periments on  density  to  be  made  is  described  in  §  171, 
page  316. 

64.  Density  la  Nought  on  the  Inner  Surface  of  a 
Cloaed  Conductor. — Experiments  made  with  a  proof- 
plane  in  the  way  just  described  show  that  the  density  is 
nought  on  the  inner  surface  of  a  nearly  closed  hollow 
conductor,  and  even  when  the  conductor  is  only  partially 
closed  the  density  is  found  to  be  nought  at  any  point  on 
the  inner  surface  from  which  bodies  outside  the  con- 
ductor are  not  easily  visibla  For  example,  the  density 
on  the  parts  near  the  hoUom  of  the  interior  of  a  diarged 
metal  cofiee-pot,  or  even  on  the  parts  near  the  bottom  of 
the  interior  of  a  charged  shallow  metal  tea-pot  wUh  the 
Ud  open,  is  practically  nought,  but  will  be  no  longer 
nought  if  one  end  of  a  metal  rod,  say  the  end  of  a 
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poker,  be  held  inside  the  pot  without  touching  it.  Amf 
not  merely  on  the  inner  Bariace  of  a  pot  made  of 
contixmoaa  metal  will  the  density  be  found  to  be  nought, 
but  in  tlie  case  of  a  pot  made  of  wire^uze,  even  with 
lairiy  wide  meshes,  the  density  is  also  nought  at  all  parts 
on  the  inner  surface  except  close  to  any  Tory  large 
opening;  But  in  this  case,  as  in  the  other,  if  a  metal 
rod  be  held  partly  inside  and  partly  outside  the  pot^  the 
distribution  of  density  wiU  be  quite  altered. 

From  the  preceding  experiments  we  see  that  electricity 
at  rest  resides  only  on  the  tfwrfaoe  of  a  conductor^  and 
therefore,  as  far  as  the  effects  of  electricity  at  rest  are 
concerned^  it  is  immaterial  whether  our  conductors  are  of 
solid  or  hollow  metal  or  whether  they  be  simply  made  of 
wood  and  coated  with  tin-foil  or  gold-leaH 

65.  Potential  of  a  Conductor  Depends  Partly  on 
the  Amount  of  Xlectrieity  on  it — Tlua  is  easily  seen 
from  the  fact  that  the  divergence  of  the  gold-leaves  can 
be  varied  by  charging  more  or  less  a  conductor  in  electric 
connection  with  them. 

66.  Potential  of  a  Conductor  Depends  Partly  on 
its  Shape. — ^That  altering  the  shape  of  a  conductor  alters 
its  potential  may  be  proved  thus : — p  (Fig.  42)  is  a  metal 
plate  &ced  to  the  wire  w  w  of  the  electroscope  in  place  of 
the  knob,  and  m  is  an  insulated  piece  of  metal  carried  by 
a  dean  dry  glass  handle  h,  by  means  of  which  m  may 
be  laid  on  p,  or  separated  more  or  less  from  p.  If  now 
M  be  laid  <m  p,  and  a  charge  given  to  p  and  H  as 
one  oondttctor,  the  leaves  w^  diverge,  indicating  the 
common  potential  of  p  and  H ;  and  it  will  be  found  that 
on  sliding  m  over  p,  or  tilting  m  up,  without  in  either 
case  separating  m  from  p,  the  divergence  of  the  gold- 
leaves  diminishes.  But  on  putting  M  back  into  its 
original  position,  the  divergence  of  the  gold-leaves  regains 
its  original  value,  proving  that  the  alteration  of  the  form 
of  the  compound  body  m  p,  without  altering  the  amount 
of  electricity  on  it^  alters  its  potential 

67.  Potential  of  a  Conduotor  Depends  Partly  on 
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its  Position. — The  fact  ibxt  the  potential  of  a  condactor 
can  be  changed  by  vaiying  its  position  relatively  to  other 
bodies  can  be  proved  also  with  the  apparatus  shown  in 
Fig.  42.  If,  H  having  been  removed  to  some  distance 
from  P,  a  charge  be  given  to  p,  it  will  be  found  that 
on  approaching  h,  held  by  ita  insulating  handle,  towards 
r,  the  divergence  of  the  gold-leaves  or  the  potential  of  p 


(tiroinishe&  p^irther,  if,  when  m  is  near  p,  u  be  con- 
nected with  the  tin-foil  costing  of  the  electroscope,  or 
with  the  earth  with  which  the  tin-foil  coating  fs  already 
connected,  the  divergence  of  the  gold-leaves  will  dimi- 
nish much  more.  And,  lastly,  if  it,  still  in  connection 
with  the  tin-foil  coating,  be  placed  very  near  the  plate  p, 
and  parallel  to  P,  but  without  touching  it,  the  divergence 
of  the  gold-leaves  wilt  be  almost  nought,  showing  that 
the  potential  of  P  has  practically  become  ^at  of  the  tin- 
foil coating,  or  nought.  On  removing  it,  the  divergence 
will  regain  itA  original  value,  showing  that  the  potential  of 
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p  was  diminished,  not  by  p  having  been  diachai^ged  (which 
is  akO|  of  course,  one  way  of  diminishing  its  potential,  and, 
therefore,  care  must  be  taken  that  m  does  not  touch  p) 
but  by  the  mere  approximation  of  the  piece  of  metal  M 
connected  with  the  tin-fotl  coating. 

68.  The  Potential  of  a  Condaetor  can  therefore  be 
Varied  by— 

1.  Altering  tJie  charge  ofeleeiricUy  on  it. 

2.  Altering  the  external  shape  of  the  condvkCtor  mthaut 
altering  the  charge  of  electricity  on  it, 

3.  Altering  its  position  relativelf/  to  other  bodies. 

In  the  same  sort  of  way  the  pressure  of  a  gas  (say 
oxygen)  in  a  gasometer  can  be  varied  by— > 

1.  Altering  the  weight  of  the  oocygen  in  t/ie  gasometer, 

2.  Altering  the  size  of  the  gasometer  withotU  catering 
the  toeight  of  oxygen  in  it. 

3.  Altering  the  temperature, 

69.  Examples  showing  the  Differenoe  between 
Potential,  Density,  and  Quantity. — To  familiarise  the 
student  with  the  difference  between  potential,  den- 
sity, and  quantity,  the  following  examples  may  be 
considered,  a  (Fig.  43)  is  an  insulated 
piece  of  metal  charged  positively,  and  far 
away  from  other  bodies,  so  as  to  be  beyond 
the  range  of  their  inductive  action ;  then 
its  potential,  the  density  on  its  two  sides, 
and  the  quantity  of  electricity,  or  charge 
on  it  (the  approximate  modes  for  measur-  Fig.  43. 
ing  which    have    been    described,   §    59, 

page  1 1 2),  are  given  in  the  following  table ;  a  positive 
potential  meaning  that  if  the  body  were  joined  to  the 
ground  by  a  wire,  or  "put  to  earth,*^  as  it  is  technically 
called,  positive  electricity  would  flow  to  the  ground  from 
this  body. 

Now,  let  a  large  body  b,  in  metallic  connection  with 
the  earth  (Fig.  44),  be  brought  near  a  on  its  right  side, 
then  2  will  represent  the  electric  state  of  A.  Let  b  be 
brought  nearer  to  a  ;  a's  state  will  now  be  given  by  3. 
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If,  on  the  other  hand,  a  and  b  be  aep&rated  more  and  moi'e, 
a'h  stat«  will  be  more  and  more  like  tliat^ven  in.  1. 

Next  tet  a  large  poeitiVel j  charged  body,  c  (Fig.  45},  be 


brought  near  a  on  ita  left  dde,  4  will  then  represent  a's 
state.  Bring  C  nearer  to  a,  but  not  so  near  tl^t  a  spark 
or  a  brush  discharge  *  can  pass  between  a  and  c;  a's  atnte 


will  be  changed  to  5.  Now,  while  c  is  near  a,  let  a  be 
connected  electrically  with  the  ground  (Fig.  46) ;  poaitire 
electricity  will  pass  from  A    to  the  ground,  and  B  will 

■  See  DotM  to  i  192,  pnge  36B,  uid  j  19B,  pi«e  36S. 
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then  be  the  potential,  density,  and  charge  of  a.  Lastlyy 
let  A  be  diflooxmected  from  the  ground,  and  then  let  c  be 
removed  to  a  great  distance  from  a,  when  7  will  be 
arrived  at. 

STATE  OF  THE  GONDUOTOB  A. 


1 

1 

PotentiAl. 

Dbvsitt. 

Chaife. 

Bla^tride. 

Lett  ride. 

1 

43 

+ 

+ 

+ 

+Q,»ay 

f 

44 

+«  but  lev  than 
ini. 

+,  bot  greater 

+,  but  lev  than 
ini. 

before. 

5 

-f-f  but  smaO. 

+,    and    mneh 
greaterthanini. 

+,  but  much  lew 
than  ini. 

+  Q. 

* 

45 

-|-«  and  neater 
than  inX 

+,  and  greater 
than  in  I. 

+,btttkiathan  +Q. 
ini.                 t 

5 

-4-,    and    itill 
greater  than  ini. 

+,    and    much 
greaterthanini. 

+  Q. 

6 

46 

Nought. 

Nou^t. 

— 

— q,iay 

7 

Negatire. 

Negattrew 

—,  but  lea  than 
m6. 

—  q  aa 
in  6. 

Bringing  up  the  positiyely  charged  body  o  near  the 
body  A  in  Fig.  45  hks  exactly  the  same  sort  of  effect 
as  heating  considerably  the  left  end  of  an  elongated 
gas-holder,  and  slightly  cooling  the  right  end.  The 
pressure  of  the  gas  at  all  points  in  the  gas-holder  is 
of  course  uniform,  but  greater  than  before  any  heat  was 
applied,  just  as  the  potential  of  all  parts  of  a  in  ^^  is 
nmform,  but  greater  than  in  i.  The  quantity  of  gas 
in  the  gas-holder,  like  the  quantity  of  electricity  in  a, 
remains  unaltered,  whereas  the  density  or  weight  of  a 
cubic  inch  of  the  gas  at  the  cold  end  is  greater  than 
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before,  while  the  density  at  the  hot  end  is  lesH  than 
before,  just  as  the  density  at  the  right  side  of  a  is  greate>', 
and  at  the  left  side  less  than  in  I. 

S.  Kext  let  P,  an  insulated  uncharged  conductor,  be 
brought  near  u,  a  negatively  charged  body,  then  th*^ 
potential  of  P  is  negative,  since  negative  electricity  would 
go  from  it  to  the  ground  if  it  were  put  to  earUi  by  a 
conducting  wire;  tlie  density  on  the  side  next  K  '» 
positive,  and  on  the  aide  away  from  k  ia  negative,  and 


the  charge  on  p  is  nought,  since  no  electricity  has  been 
put  into  it  or  taken  away  from  it 

9.  Without  moving  p  or  H,  let  p  be  connected  with 
the  earth,  then  its  potential  is  nought,  the  density  on  the 
side  next  m  ib  {Kjaitive  and  greater  than  before,  nought  on 
the  side  away  from  H,  and  the  chaige  on  P  is  positive, 
+  <i,  say- 

10.  Now  let  Uie  wire  connecting  p  with  the  ground  be 
removed,  and  let  p  and  u  be  separated  slightly,  then  the 
potential  of  p  is  positive ;  the  density  on  the  side  next  ii 
is  positive,  but  not  so  great  as  it  was  before  p  and  M  were 
separated ;  on  the  side  of  p  away  from  m  there  is  a  slight 
positive  density,  and  the  cliarge  on  p  remains  +  <). 
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It  Let  M  be  brought  nearer  p  than  in  9,  then  the 
potential  of  p  beoomes  negative,  because  negative  eleo- 
tricitj  will  go  out  of  p  if  it  be  put  to  earth  ;  die  denaitj 
on  the  side  next  m  will  be  poeitive,  and  greater  than 
in  9,  while  the  density  on  the  side  away  from  m  wiU  be 
slightly  n^pative,  and  the  charge,  as  before,  -f  Q. 

p  is  dierofore  in  such  a  condition  that  its  potential 
will  be  nought  without  being  connected  with  the  ground 
if  M  be  brought  to  the  same  distance  from  p  that  it  was 
in  9 ;  its  potential  will  be  positive  if  ir  is  fiuther  away,  as 
in  10,  and  n^ative  if  M  b  nearer,  as  in  JU. 

AU  tliis  can  be  veiy  well  seen  experimentally  if  m 
(Fig.  42)  be  chaiged  n^patively,  and  p  be  connected  with 
the  tin-foil  coating  of  the  electroscope  for  a  moment  and 
then  insulated  when  m  is  at  a  certain  distance  d  fi'om  p, 
and  parallel  to  P.  Then,  when  m  is  at  a  greater  distance 
than  d  from  p,  the  gold-leaves  will  diverge  with  positive 
electricity,  or  the  potential  of  p  is  positive ;  whereas  if  m 
be  at  a  leas  distance  than  d  from  p,  the  gold-leaves  will 
diverge  with  n^ative  electricity,  or  the  potential  ot  p  is 
negative ;  and  when  M  is  at  a  dbtance  d  from  p,  the  gold- 
leaves  will  not  diverge  at  all,  or  the  potential  of  p  is 
nought.  In  the  above,  m  is  supposed  to  be  moved  parallel 
to  itself,  and  along  a  line  perpendicular  to  p,  otherwise 
the  distanoe  from  p  will  not  accurately  detennine  its 
position  relatively  to  that  of  P. 

70.  Static  and  Current  Methods  of  Heaanring 
Potential  IHlTereneea  Compared. — ^To  measure  the 
pressure  of  steam  or  of  water,  a  static  pressure  gauge 
is  a  veiy  convenient  and  sensitive  instrument ;  whereas, 
on  account  of  -  the  extreme  smallness  of  the  forces 
produced  by  the  attracti<ms  of  ordinary  chai^ges  of 
electricity^  a  static  method  of  measuring  a  small  electric 
potential  is  either  most  insensitive,  or  requires  the 
employment  of  a  delicate  piece  of  apparatus  that  can 
only  well  be  used  in  a  laboratory,  hence  such  a  measure- 
ment cannot  at  present  be  performed  with  any  portable 
apparatus.     In  fact,  a  static  portable  electrometer,  that 
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wiU  ineasore  aocufatelj  a  small  fraction  of  a  volt,  is  at 
present  a  great  desideratum. 

But  just  as  the  pressure  of  water  at  any  given  point 
in  the  side  of  a  vessel  containing  it  can  be  ascertained 
by  measuring  the  flow  of  water  that  is  produced  through 
a  particular  pipe  inserted  in  an  opening  in  the  side 
of  the  vessel  at  the  point  in  question,  so  the  potential 
difference  between  two  bodies  can  be  ascertained 
by  measuring  the  current  that  is  produced  through 
a  particular  wire  used  to  electrically  connect  these 
two  bodies;  for  it  can  be  shown  experimentally  {$ee 
§  75,  page  135)  that  if  the  current  passing  through 
a  particular  wire  be  measured  in  amperes,  and  the 
potential  difference  maintained  at  the  ends  of  the  wire 
be  measured  in  volts,  by  means  o^  say,  a  quadrant 
electrometer,  the  number  of  amperes  is  dirediy  pro- 
portioned to  the  number  of  volts.  In  the  case  of  water 
this  current  method  would  be  most  troublesome  to  carry 
out  practically,  on  account  of  the  alteration  of  flow 
produced  by  bends  and  irregularities  in  the  sectional  ai^ea 
of  the  pipe,  and  especially  because  slight  changes  in  the 
mode  in  which  the  water  enters  the  pipe^  arising  from 
slight  difierences  in  the  way  in  which  the  pipe  is 
attached  to  the  vessel,  produce  decided  changes  in  the 
currenti  But  in  the  case  of  electricity  this  current 
method  of  measuring  potential  difierence  is  most 
convenient  since  for  a  given  potential  difference  the 
current  flowing  through  a  wire  depends  only  on  the  wire 
and  on  its  temperature,  and  not  at  all  on  the  shape  the 
wire  is  made  to  assume,  or  on  the  form  of  the  coil 
in  which  the  wire  is  wound ;  nor  does  the  current  depend 
on  the  exact  way  in  whidi  the  ends  of  the  wire  are 
joined  to  the  two  bodies,  provided  only  that  the  contact 
at  each  end  is  a  clean  metallic  ona  A  galvanometer^ 
then,  which  directly  meaturee  eurrent  may  be  ueed  to 
indirectly  meaeure  jxUenHal  difference. 

Both  in  the  case  of  measuring  water-pressure  and 
electric  potential,  the  production  of  a  current  through 
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the  test-pipe  or  wire  tends,  to  diTninish  the  very  thing  ws 
desire  to  measure.  Henoe^  nnless  there  be  some  effioieni 
means  of  keeping  up  the  water-preesore,  or  the  electric 
potential  difference,  we  must  be  content  to  employ  only 
a  small  current,  and  use  a  proportionately  delicate  in- 
strument to  measure  it.  In  some  cases — as,  for  example^ 
with  two  insulated  ordinaiy  metallic  bodies  ohaiged 
to  a  different  electric  potential — ^the  current  method  of 
measuring  this  potential  difference  would  be  practically 
impossible,  as  the  potential  difference  which  it  was  our 
object  to  measure  would,  by  joining  the  bodies  together 
with  the  wire  of  a  galvanometer,  be  -entiTely  neutralised 
before  the  needle  of  the  most  delicate  galvanometer 
began  to  move.  In  such  a  case  the  static  method  is  the 
only  one  that  can  be  employed. 

71.  When  a  Potential  Difference  Galvanometer 
may  be  Employed. — ^In  all  cases,  however,  where  there 
exists  some  means  of  keeping  the  potential  difference 
constant  between  two  bodies  even  after  they  are  allowed 
to  discharge  one  into  the  other  through  the  coil  of  a 
galvanometer,  this  galvanometric  method  of  measuring 
potential  difference  can  be  employed.  If  the  coil  of  the 
galvanometer  is  made  of  a  long  fine  wire,  there  is  much 
less  chance  of  the  potential  difference  being  altered  by 
the  application  of  the  galvanometer  than  if  it  were  made 
of  a  riiort  thick  wire,  and  for  that  reason  patential 
diferenee  gidvcmameters  ora  toound  tmih  a  long  fine  wire. 
In  certain  special  cases,  before  the  application  of  our 
galvanometers,  the  two  bodies  whose  potential  difference 
we  desire  to  measure  are  already  joined  by  a  short  thick 
wire — as,  for  example,  two  parts  near  together  in  a 
drcnit  carrying  a  current — and  in  such  cases  the  wire 
used  for  the  coil  of  the  galvanometer  employed  to 
measure  the  potential  difference  between  tiiese  two 
points  need  not  be  very  long  or  fine.  Qenerally,  how> 
ever,  a  long  fine  wire  must  be  used  in  making  a  potential 
difference  galvanometer. 

For  practical  purposes  a  potential  difference  galvano- 
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meter  must^  like  an  ammeter,  be  calibrated  absolutely ; 
only  in  this  case  it  la  not  the  number  of  amperes,  or 
fraction  of  an  ampere,  passing  through  die  instrument^ 
and  producing  any  particular  deflection,  that  we  desire 
to  know,  but  the  number  of  volts  that  must  be  main- 
tained at  the  terminals  of  the  instrument  to  produce  this 
current. 

72.  Voltmeter. — ^The  permanent  magnet  proportional 
galvanometer  described  in  §  37,  page  76,  may  be  wound 
with  6ne  wire  instead  of  with  thick,  and  (»dibrated  in 
volts  by  ascertaining,  by  means  of  a  standard  electrometer, 
for  example,  the  number  of  volts  necessaiy  to  be  main- 
tained at  itis  terminals  to  produce  various  deflections  of 
its  needle ;  such  a  dead-beat  potential  galvanometer  when 
directreading  is  called  a  *^  voUmeter^**  and  it  may  be 
taken  temporarily  as  our  commercial  instrument  for 
measuring  potential  difference& 

Other  and  more  modem  forms  of  potential  diflerence 
galvanometers  are  described  in  Chapter  VIIL,  and  the 
advantages  and  disadvantages  of  some  of  the  various 
types  entered  into.  Methods  of  practically  calibrating 
wijbmei9r»  are  also  inven  in  §  213,  page  408,  to  §  215. 
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CHAPTER    IV. 

RBSI8TANCE  AND   ITS   MSASUBKimrr. 


Ohm's  Law— 75.  Experimental  Proof  of  Ohm*b 
Law  —  76.  Ck>mparing  ResUtanoes  —  77.  Simple  Sab  ititution 
Method  of  Comparing  RenBtancce— 78.  Plug  Key— 79.  Totential 
Differemse  Method  of  Comparing  Ketirtancee  80.  Ohm-^1.  Volt^ 
Piaetieal  Definition  of— ^  &tiah  AMOoiation  Unit  of  Resis- 
tance— 88.  Variation  of  Resistance  with  Len^h— 84.  Construction 
of  Coils ;  Multiples  of  the  Ohm — 86.  Variation  of  Resistance  with 
Sectional  Area— 86.  Variation  of  Resistance  with  the  Material— 87. 
Variation  of  Resistance  with  Temperature — 88.  Construction  of 
a  Differential  Galvanometer—^.  Construction  of  Plug  Resistance 
Boxes — 90.  Law  of  the  Variation  of  Retistance  with  Temperature 
— 9L  Reaistanoe  of  Metals  per  CuUo  Centimetre  and  i^r  Cubic 
Inch — 92.  Resistance  of  Metals  for  a  given  Length  and  Diameter, 
or  for  a  given  Length  and  Weight — 93.  Comparison  of  Electric 
and  Heat  Conductivities— 94.  Material  Used  in  Resistance  Coils— 
95.  Mode  of  Winding  Resistance  Coils — 96.  Calibratinga  Galvano- 
meter bj  Using  Known  Resistances — 97.  Wheatstone's  Bridge — OS. 
Superiority  of  the  Wheatstone  Bridge  over  the  DiiferentuJ  Gal- 
vanometer, and  conditions  affecting  the  Sensibility  of  the  Bridge 
—  99.  Commercial  Form  of  Wheatstone*s  Bridge— 100.  Bridge 
Key— 101.  Use  of  a  Shunt  with  the  Bridge— 102.  Meaning  of  the 
Deflection  on  a  Bridge  Galvanometer— 103.  Shunts — 104.  Blulti- 
plying  Power  of  a  Shunt — ^105.  Combined  Resistance— 106.  Con- 
s^uction  of  a  Shunt  Box — 107.  Increase  of  the  Total  Current 
produced  b^  the  Employment  of  a  Shunt. — The  Use  of  Shunts  with 
a  Differential  Galvanometer — 108.  Sliding  Resirtance  Boxes— 109. 
Measuring  a  Resistance  during  the  Passage  of  a  Strong  Current 
—HO.  Omnmeter — IIL  Amount  of  Heat  generated  by  an  Elec- 
tric Current — ^112.  Cooling  Correction  of  toe  Observed  Rise  of 
Temperature  Curve — ^113.  Measuring  a  Current  by  the  Rate  of 
Production  of  Heat — ^114.  Work  done  in  an  Electric  Circuit— 115 
Work  done  bj  a  Current  Generator.  Electromotive  Force — lib. 
Variation  of  External  Resistance,  Current,  and  Potential  Differ* 
enoe  at  the  Battery  Terminals. 

73.  Besistance. — ^Whenever  an  electric  current  is 
passing  through  a  circuit,  a  certain  amount  of  obetruction, 
or  ^Wesistance"  is  offered  to  the  curi'ent,  and  we  have 
seen  that^  by  the  insertion  of  a  longer  or  shorter  piece  of 
wire,  or  of  a  longer  or  shorter  column  of  liquid  into  a 
circuity  the  current  can  be  diminished  or  increased  in 
strength.     Any  number  of  amperes  can  he  sent  through 
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any  hody^  provided  thai  we  have  a  sufficiently  potoer/td 
generator^  and  provided  that  the  body  is  not  Jueed  or 
oUtermse  destroyed  by  the  current  before  the  current  /las 
reached  t/ie  required  strength  Hence,  we  cannot 
ineasui-e  tbe  magnitude  of  the  electric  resistance  of  a 
body  bj  the  smallness  of  the  current  strength  unless  we 
know  something  about  the  power  of  the  generator,  just 
Rs  the  number  of  gallons  of  water  per  minute  passing 
thix>ugU  a  pipe  furnishes  no  indication  of  the  resistance  of 
the  pipe  unless  we  know  the  difference  of  pressure  main- 
tained fit  the  two  ends  which  is  driving  the  water 
through  the  pipe.  If^  however,  the  same  electric  potential 
(litference  be  maintained  at  the  ends  of  one  wire  A  as 
is  maintained  at  the  ends  of  another  b,  then  the  resistances 
of  tJiese  wires  will  be  inversely  proportioned  to  tlie  number 
of  amperes  flowing  through  tJtem  respectively ;  or  more 
generally,  the  resistance  is  proportional  to  the  ratio  of 
the  potential  difference  maintained  at  the  ends  of  the  wire 
to  the  strength  of  the  current  flowing  through  it. 

74.  Ohm's  Law. — Experiments  originally  made  by 
Ohm  in  1827,  and  verified  to  a  high  degree  of  accuracy 
by  an  elaborate  series  of  experiments  made  at  the 
Cavendish  Laboratory  at  Cambridge  some  years  ago,  show 
that  this  ratio  of  potential  difference  to  current  is  abso- 
lutely constant  for  a  definite  jnece  of  metal  at  a  constant 
temperature^  and  may  be  called  simply  the  "  resistance  " 
of  that  piece  of  metal. 

75.  Experimental  Proof  of  Ohm's  Law.— To   test 

Ohm's  law  it  is  neces.**ary  to  employ  a  more  delicate 
statical  potential  diffei'ence  measui'er  than  a  gold  leaf 
electroscope,  and  a  form  of  Sir  W.  Thomson's  quadii^nt 
electrometer,  constructed  by  Dr.  Edelmann,  of  Munich, 
and  shown  in  the  following  figures,  may  be  con- 
veniently employed  for  this  purpose.  The  instrument 
rests  on  a  metallic  bracket  L  (Figs.  47,  48),  screwed 
to  the  wmII,  and  is  levelled  by  means  of  the  thi*ee 
levelling  screws,  o  G  (Figa  47  and  48)  are  four  quar- 
ters of  a  brass  cylinder  insulated  from  one  another. 


QUADRANT  ELBCTROHETER. 


Md  held  in   pcwition   by  ebonite   collarB   r  a   and    s  B 
(rig.  48)     Theee  quarter  cjlicd^rt  are  connected  tt^ethec 


in  opposite  pairs  by  means  of  two  pieces  of  wire,  the 
first  and  tliird  being  also  attached  to  the  "  electrode  "*  A 
(Fig.  47),  and  the  second  and  fourth  to  the  electrode  a. 
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Suspended  inside  tJiis  sTstem  of  quarter  cylinders,  there 
hai^  by  meaoa  of  a  fibre  of  uuBpuii  silk,  a  movable 


Pig.  *e. 
piece  of  alutniniuai  w  w,  shaped  as  shown  in  elevation  in 
Fig.  48,  in  plan  in  Fig.  49,  and  in  perspective  in  Fig.  50, 
and  vhioh  ma;  be  called  the  needle.     This  movable 
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arrangement,  or  needle,  has  attached  to  its  bottom  a 
looped  platinum  wire,  to  which  is  fastened  a  small  piece 
of  sheet  platinum,  p  (Figs.  47,  48,  and  50),  dipping  into 
a  small  quantity  of  sulphuric  acid,  contained  in  the 
glass  Ye5^  T,  and  electricallj  connected  with  the 
wire  p  by  means  of  the  platinum  wire  r,  which  dips 
into  the  acid.  Into  a  small  collar  q  (Fig.  50),  at  the 
top  of  this  needle,  there  is  fixed  a  little  stem  of  tortoise- 
shell,  carrying  the  min^or  ^  which  reflects  a  ray  of 
light  through  the  window  /  (Figs.  47  and  48),  on  to  a 
distant  scale,  in  accordance  with  Sir  W.  Thomson's  re- 
flecting arrangement  already  described 
in  §  54,  page  103. 

The  movable  arrangement  w  w  is 
k^t  at  a  high  potential  by  one  end 
of  what  is  called  a  "  dry  pile "  (see 
§  197,  page  372)  being  attached  to  the 

wire  jt>,  which  passes  through  a  collar  

E,  let  into  the  outer  glass  vessel  z,  the  j.^^  40 

other  end  of  the  dry  pile  being  attached 
to  the  brass  framework  d  d  of  the  instrument.  When  all 
the  four  quarter  cylinders  are  brought  to  the  same  potential 
by  connecting  the  electrodes  a  and  b  together  with  a  piece 
of  wire,  then  no  matter  how  highly  the  needle  be  charged, 
it  will,  except  for  the  extremely  small  torsion  produced 
by  the  silk  fibre,  which  can  be  made  insignificant  by 
turning  round  the  head  F,  rest  in  any  position  if  turned 
round  a  vertical  axis  passing  through  its  centre.  But 
when  all  the  four  quarter  cylinders  are  at  the  same  poten- 
tial, we  want  the  spot  of  light  to  stand  at  nought  on 
the  scale,  hence  it  is  necessary  to  give  directive  force 
to  the  needle  ;  this  is  done  by  means  of  a  small  magnet 
ns  fastened  to  it,  as  seen  in  Fig&  48  and  50,  and 
a  controlling  magnet  which  turns  the  needle  so  that 
it  rests  in  the  symmetrical  position  shown  in  Fig.  49, 
when  all  the  four  quarter  cylinders  are  at  one  potential. 
The  deflection  of  the  needle,  or  the  motion  of  the  spot  of 
light  on  the  scale,  which  is  proportional  to  this  deflection, 
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is  very  nearly  directly  proportional  to  the  differaoce  of 

potential  between  the  oppoeite  pairs  of  quarter  cylinders 

as  long  as  the  potential  difference  between  the  needle 

w  w  and  the  outside  of  the  instrument  is  oonstant,  and 

the  magnetic  controlling  farce  produced  by 

the  outside  controlling  magnet  is  unaltered 

in  magnitude  or  direction. 

The  complete  formula  for  a  given  position 
of  the  controlling  magnet  may  be  proved  to 
be  as  foUows : — Let  N  be  the  potential 
difference  between  the  needle  and  the 
framework  of  the  instrument,  P  the  poten- 
tial of  one  pair  of  quarter  cylinders  rela- 
tively to  the  framework  D,  and  Q  the 
potential  of  the  opponte  pair  of  qu&rter 
cylinders  also  relatively  to  the  framework, 
d  the  deflection  of  the  spot  of  light  on  the 
scale  from  the  zero  position,  then 
Fi,.».  <i<c(P-«)5N-KP+Q)!, 

from  which  it  follows,  first,  that  the  sensi- 
bility of  the  instrument  increases  as  N  increases; 
secondly,  that  d  becomes  moro  and  more  nearly  pro^ 
portional  to  P — Q  as  N  becomes  larger  and  larger. 

Thia  formalk  ij  oalonlated  on  tha  lappoaition  that  tha  vertiaJ 
edgee  of  the  pe«dle  w  aire  never  larj  nou  the  vertickl  edge*  of  the 
il«tioiiU7  qnwter  ^linden.  With  rash  ■  ihort  needle  m  u  ■hown  in 
tha  figure,  and  wbioh  eomnOj  illiutntei  the  kppustoa  ai  made  by 
Dr.  BdelnutDn,  tiiii  oonditioii  it  far  from  baiiu  fnUlled  whan  the 
neadla  ia  defle^ad.  Hanoe  the  uutmmant  irould  b«  iiopniTed  if  etu>b 
halt  of  the  naedle  were  made  broader,  even  though  the  moment  of  in- 
ertia would  th<r«b]r  be  inoreaMd,  the  orauidanUrai  vhioh  haa  probabl; 
inflnenoed  Dr.  Edelmann  in  majdng  it  ao  nanow.  Aaothst  unpiove- 
ment  wauM  ooniiit  in  lupportiiig  the  glaai  Touel  T  from  ebonite  rodi 
inite&d  of  bf  the  ebonite  ring  B  B,  aiDoe  leakage  takes  plan  from  (he 
lulphorio  acid  in  tha  venal,  over  the  mrfaoe  of  tha  ebonite  ling  s  s. 
to  the  quarter  cylinder*  o,  o,  and,  eonaequently ,  if  either  pur  be  left 
entiraly  inmlated,  avan  for  b.  ihort  time,  the  ipot  of  light  rapidly 
Riovaa  off  the  Hnle,  from  the  potenti&l  of  tbi*  inanlated  pair  of  quarter 
eylinden  being  raited  by  the  electridty  lealdng  into  them. 

Fig.  51  shows  diagrsmmatically  the  quarter  cylinders 
cc,  c'c'  of  the  Edelmann  electrometer  joined  to  the 
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tenniDals  t,  t*  of  &  resistance  H  through  which  a  c 

lent  by  the  battery  b,  and  ita  strength  measure<l  by  the 


galvanometer  o.  As  the  wire  r  in  long  and  rather  fine, 
in  order  tliat  the  potential  difference  at  its  terminals  may 
be  large  enough  to  be  measured  with  the  etectitimeter,  it 
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would  be  necessary,  if  we  wished  to  vary  the  current 
considerably,  by  increasing  the  i-esistanoe  in  circuit,  to 
introduce  a  resistance  in  the  circuit  several  times  as 
great  as  the  resistance  offered  by  the  wire  R.  A  simpler 
plan  than  employing  such  large  resistances  consists 
in  varying  the  number  of  cells  used  to  send  the  current, 
and  this  is  easily  done  by  keeping  one  wire  attached 
to  the  binding  screw  Sq  and  attaching  the  other  wire  to 
the  screw  s,  or  82,  &c.,  according  as  we  wish  the  current  to 
be  sent  by  one  or  two,  &c.  cells.  If  the  current  be  varied  it 
will  be  found  that  if  simultaneous  readings  of  the  electro- 
meter and  galvanometer  are  taken  for  the  different  currents 
that  the  ratio  of  potential  difference  to  current  is  coTistant, 

76.  Comparing  Resistances.  —  The  simplest  way 
of  insuring  that  the  same  potential  difference — that  is, 
the  same  number  of  volts — shall  be  maintained  at  the 
ends  of  two  wires  is  to  join  the  wires  in  parallel 
circuit,  as  shown  in  Fig.  52,  or  what  may  be  called 
simply  ^*  in  parallel"  ^e  number  of  amperes  flowing 
in  the  two  circuits  can  be  measured,  of  course,  by  pro- 
perly calibrated  galvanometers  put  in  tlie  two  ciixsuits, 
but  the  coils  of  each  of  these  galvanometers  must  be  made 
of  such  a  short  piece  of  thick  wire  that  the  insertion  of 
the  galvanometer  in  either  of  the  circuits  does  not 
weaken  the  cun-ent  in  that  circuit,  otherwise  the 
number  of  amperes  will  not  be  inversely  proportional 
simply  to  the  resistances  of  the  wires  A  and  B,  but  to  the 
resistances  of  the  two  circuits,  increased  by  the  addition 
of  the  resistances  of  the  respective  galvanometers 

It  n?ay  hei*e  be  noticed  that  a  properly  calibrated 
galvanometer  always  measures  the  current  flowing 
through  the  circuit  in  which  it  has  been  placed.  But  it 
does  not,  of  course,  follow  that  the  current  is  the  same 
as  it  was  before  the  insertion  of  the  galvanometer,  thei'e- 
fore  if  it  is  the  latter  wo  desire  to  measure  care  must  be 
taken  that  the  insertion  of  the  galvanometer  shall  not 
diminish  the  current  Just  in  the  same  way  when 
measuring  temperature,  a  thermometer  put  into  a  vessel 
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of  liquid  always  measures  quite  accurately  the  joint 
temperature  of  the  liquid  and  thermometer ;  but  except 
in  the  very  exceptional  case  of  the  thermometer  bulb 
and  the  liquid  being  at  the  same  temperature  before  the 
insertion  of  the  thermometer  bulb  (so  that  the  mercury 
neither  rises  nor  falls  when  the  thermometer  is  inserted), 
the  thermometer  will  either  slightly  raise  or  slightly 
lower  the  previous  temperature  of  the  liquid,  unless  the 
volume  of  the  bulb  be  very  small  compared  with  the 
volume  of  the  liquid,  or,  more  acctuately,  unless  the 
thermal  capacity  of  the  bulb  and  liquid  in  it  is  very 


small  compared  with  that  of  the  liquid  and  vessel 
combined  into  which  it  is  placed*  And  for  that 
reason,  thermometers  with  extremely  small  bulbs,  contain- 
ing very  little  mercury,  have  frequently  to  be  employed. 

So  a  current  galvanometer  should  have  as  small  a 
resistance  as  possible,  and,  for  a  similar  reason,  as  we 
have  already  seen,  a  potential  difference  galvanometer 
should  have  as  high  a  resistance  as  possible,  so  as  to  fulfil 
the  general  law  which  must  be  carefully  attended  to  in 
all  experiments — the  test  must  not  alter  the  thing  tested. 

By  comparing,  then,  the  currents  sent  through  two 
wires,  at  the  ends  of  which  the  same  potential  difference 
iB  maintained,  their  resistances  can  be  compared,  and  in 
this  vt^ay  two  resistances  can  be  made,  for  example,  equal 
to  one  another.  But  as  the  insertion  of  the  galvano- 
meter wiU  generally  increase  the  resistance  of  the  circuit 
in  which   it  is  placed,   two  galvanometers   of  known 
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resistances  and  with  known  absolute  calibration  curves 
should  be  emplojed. 

77.  Simple  Substitution  Method  of  Comparing* 
Besifltanoes. — The  folio  wing  ^^simplesubstittUion  method" 
is,  however,  much  simpler  to  be  used  when  one  resistance 
has  to  be  made  equal  to  another,  as  it  requires  the 
employment  of  only  one  galvanometer  of  unknown 
resistance,  and  of  which  even  the  relative  calibra- 
tion need  not  be  known,  much  less  its  absolute 
calibration ;  in  fact,  a  simple  galvanoscope,  that  merely 
indicates  more  or  less  as  regards  the  current^  is  all 
that  is  needed.  Put  any  convenient  electric  generator 
in  circuit  with  a  galvanoscope  and  a  wire  whose  re- 
sistance we  wish  to  reproduce,  and  observe  the  deflection. 
Next  remove  this  wire,  and  put  in  its  Tpl»jce  another 
wire,  with  which  a  smaller  deflection  is  obtained,  on  the 
same  galvanoscope  using  the  same  generator.  Now 
gradutUly  diminish  the  length  of  the  second  wire  until  the 
original  deflection  is  reproduced,  then  the  resistance  of  the 
new  wire  will  be  exactly  equal  to  that  of  the  old.  In  mak- 
ing the  experiment,  it  is  desirable  to  select  for  the  second 
wire  one  which,  as  already  stated,  gives  a  smaller  deflec- 
tion, and  therefore  has  a  larger  resistance  than  the  first, 
so  that  by  shortening  it  its  resistance  may  be  made  equal 
to  the  first.  We  shall  see,  however,  later  on,  that  even  if 
the  deflection  with  the  second  wire  be  too  large  instead 
ot  too  small,  so  that  it  has  too  smajl  and  not  too  large  a 
resistance,  the  resistance  of  the  second  may  be  incrcAsed 
and  made  equal  to  that  of  the  first  wire  by  passing  it 
through  a  draw-plate,  so  that  it  becomes  thmner  and  of 
smaller  diameter.  But  this  is  not  nearly  so  easy  an  adjust- 
ment as  shortening  a  wire  that  has  been  selected  with  too 
great  a  length. 

To  detect  any  possible  change  in  the  sensibility  of 
the  galvanoscope,  or  in  the  power  of  the  generator  during 
the  test — a  change  in  either  of  which  would,  of  course, 
destroy  the  accuracy  of  the  test — it  is  well  after  the  second 
wire  has  been  altered,  until  the  first  deflection  on  the 
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galvaaoooope  has  been  nenrly  refwodaoed,  torabstitnte  the 
tiist  wire  for  the  seoond,  aod  see  whether  the  deflection 
BOW  obtained  witli  tiie  fint  wire  in  circuit  ia  exactlj  the 
same  as  was  originallj  obtained.  If  it  be  fonnd  to  be 
sli^tly  different,  then  the  final  adjastnient  of  the  second 
wire  mnst,  of  conne,  be  made  vith  the  new  deflection 
■  of  the  galvanometer  obtained  with  tho  first  wire  in 
circtiit,  and  not  with  the  deflection  that  was  origin- 
ally obtained  when  the  first  wire  was  in  circuit.  While 
maUng  the  preceding  test,  cars  most  be  taken  sot  to 
alter  the  sensibility  of  the  galTanometer  by  accidentally 


moving  the  controlling  magnet,  and  it  is  well  not  to  keep 
the  current  flowing  continuomly  for  too  long  a  time,  ss 
the  battery  is  li&ble  to  beoome  what  is  called  "polarimd," 
and  the  current  in  oouaeqnence  dimioisbed. 

The  preceding  method  of  comparing  the  eqaality  of 
two  resiBtancee  is  exactly  anal<^uB  with  what  is  known 
as  Bord&'s  method  of  double  weif^iing,  by  means  of 
which  the  true  weight  of  a  body  can  be  accurutely  deter- 
mined, no  matter  how  unequal  be  the  lengths  of  the 
two  portions  of  the  beam,  or  how  unequal  the  weights 
of  the  pans  of  the  balance  employed. 

78l  Plug  Eay. — In  order  to  connect  the  galvanoscope 
and  current  generator  quickly  and  conveniently  with 
either  the  known  or  the  nnknown  resistance,  the  plug  key, 
idiown  in  Fig.  53,  may  be  employed.  It  consists  of  three 
pieces  of  btnss  a,  b,  and  o  fastened  to  a  slab  of  ebonite 
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or  wood  B  B.  By  inserting  the  conical  brass  plug  p  into  ihe 
hole  H,  the  current  produced  by  the  battery,  one  end  of 
which  is  attached  to  b,  will  pass  through  the  unknown  re- 
sistance, whereas  if  it  be  inserted  in  A  it  will  pass  through 
the  known  resistance  and  not  through  the  unknown. 

79.  Potential  Bifference  Method  of  Comparing 
Besistances. — Another  method  of  comparing  two  resist- 
ances, depending  directly  on  the  definition  of  resistance, 
consists  in  sendmg  a  current  through  the  two  wires  a  b  and 
CD  placed  ^*  in  seriea"  or  end  on  (Fig.  54),  and  comparing, 
by  means  of  a  suitable  galvanometer,  the  potential  dif- 
ference between  a  and  b  with  that  between  c  and  D. 
For  sinoe  the  same  current  passes  through  these  two 


Fig.  54. 

wires,  and  since  resistance  is  the  ratio   of    potential 
difference  to  current^  it  follows  that  — 

resistance  of  AB    potential  difference  between  A  and  B 
resistance  of  CD""  potential  difference  between  C  and  D 

80.  OhnL — The  legal  unit  of  resistance,  as  settled 
by  the  International  Electrical  Congress,  at  their  meet- 
ing held  in  Paris  in  1884,  is  that  of  a  column  of  pure 
mercury  106  centimetres  long,  1  squa/re  millimetre  in 
sectional  area,  at  a  temperature  of  0°  C.  This  is  called 
the  *'  ohm^^  and  is  the  only  one  of  the  electrical  units 
that  has  yet  been  legalised.  All  the  others  have,  how- 
ever, been  accurately  defined  in  terms  of  the  ohm  and 
the  ampere,  but  as  the  exact  rate  of  chemical  action 
corresponding  with  the  ampere  (although  now  generally 
accepted  as  being  that  given  in  §  6,  page  11)  has  not 
yet  been  defined  legally^  it  cannot  be  said  that  a  practical 
unit  of  current  has  yet  been  legally  adopted,  and  the 
same  remark  applies  to  the  volt  and  to  all  the  electrical 
units  depending  on  the  ampere. 
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8L  Tolt,  Praotioal  ]>ellnition  of.— A  volt  u  the 
difference  of  potentials  that  must  be  maintained  at  the 
ends  of  a  wire  of  one  ohm  resistance,  so  that  a  current 
of  one  ampere  may  pass  through  it ;  or  generally,  if  V 
be  the  potential  difference  in  volts  maintained  at  the  end 
of  a  conductor  having  a  resistance  of  o  ohms,  and  if 
A  be  the  current  in  amperes  flowing  through  it 

0 

82.  British  Asfloeiation  Unit  of  Besistanee.— Pre- 
vious to  1884,  the  unit  of  resistance  used  most  exten- 
sively in  Great  Britain  and  elsewhere  was  the  British 
AnodaUoUy  or  **B,  A"  unit,  called  also  previously  to 
1884  an  ohm.  The  name  ohm  is,  however,  now  restricted 
to  the  legal  unit,  and  the  older  one  is  called  a  R  A.  unit. 
The  value  of  this  latter  was  decided  on  by  the  Electrical 
Committee  of  the  British  Association,  after  years  of 
extremely  careful  and  painstaking  work,  and  copies  of 
the  standard  were  first  issued  in  1865,  since  which  time 
they  have  been  multiplied  almost  indefinitely.  The  ideal 
B.  A.  unit  (as  distinguished  from  the  actual  one,  which, 
as  will  be  explained  farther  on,  is  slightly  wrong)  is  a 
derived  unit,  and  not  an  arbilraTy  one,  that  is  to  say,  it  is 
selected  so  Uiat  the  equations  connecting  current,  resist- 
ance, potential  difference,  work,  <iHX,  shall  be  of  the 
simplest  kind,  without  arbitrary  co-efficients.  The  great 
value  of  this  so-called  absohUe^  or  British  Association^ 
system  of  electrical  units  was  fully  accepted  at  the  meet- 
ing of  the  International  Electrical  Congress  at  Paris  in 
1881,  and  it  was  decided  that  for  purposes  of  reference, 
that  particular  length  of  a  column  of  mercury  one  milli- 
metre square  in  section  which  at  a  temperature  0^  Centi- 
grade was  found  to  have  most  nearly  the  true  B.  A  unit 
of  resistance,  should  be  called  the  ohm,  and  legalised. 
Doubts  having  arisen  as  early  as  1878  as  to  whether 
there  had  not  been  some  mistake  made  by  the  British 
Association  Committee  in  their  original  determination, 


'J 
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che  whole  work  was  repeated,  and  it  was  eyentaaU/ 
agreed,  at  the  meeting  of  the  Ck>nference  in  1884,  that 
the  length  of  mercury  which,  having  one  square  milli- 
metre in  section,  had  at  0°  0.  one  ohm  resistance  should 
be  internationally  accepted  as  106  cefUimetrea,  the  deci- 
mal of  a  centimetre  which  required  to  be  added  to  make 
this  length  perfectly  accurate  being  left  for  further 
exporiment  and  consideration.  And  in  England  it  has 
been  also  decided  that  for  the  purposes  of  issuing  practical 
standards  of  electrical  resistance,  the  number  of  B.  A. 
units  adopted,  from  the  means  of  a  large  number  of 
experiments,  as  the  resistance  of  a  column  of  mercury 
100  centimetres  1  square  millimetre,  at  0°  Centigrade^ 
which  is  the  ^^Sienierui*  unit  of  resistance^"  shsJl  be 
0-9540. 

Therefore  it  follows  that 

1  legal  ohm  =  10112  B.  A.  unitB. 
1  B.  A  unit  =  0-9889  legal  ohm. 

Example  21. — With  a  potential  difference  of  108 
volts  maintained  at  the  terminals  of  an  Edison  incande- 
scent lamp,  0'75  ampere  passes  through  it^  what  is  the 
lamp  resistance?  Ansvoer, — 144  ohms. 

Example  22. — If  the  potential  difference  be  reduced 
to  105  volts,  and  the  resistance  of  the  lamp  remain  the 
same,  what  current  will  now  pass  through  it  1 

Answer, — 0*729  ampere. 

Example  23. — If  a  wire  have  127*4  B.A.  units'  resist- 
ance, what  is  its  resistance  in  legal  ohms  1 

Answer, — 126*0  ohm& 

Example  24. — If  a  wire  of  uniform  section  have  27 
B.  A.  units'  resistance,  how  much  per  cent  must  be  cut  o£f 
it  so  that  it  may  have  26  ohms'  resistance  1 

27  B.  A.  units  =  27  x  0*9889  ohm. 

Answer. — 26*7  ohma. 
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ATtnoer. — To  redac«  to  the  26  ohius  we  must  cat  off 
jJt)  t"  about  2 '6  per  cent 

Example  25. — What  percentage  error  would  be  made 
in  flasuming  that  the  B.  A.  onit  was  the  same  as  the 
legal  ohml 

Jnmoer. — The  resistance  would  be  aasnmed  to  be 
about  I'l  per  cenL  larger  than  it  really  was. 

To  familiarise  the  student  with  thft  practical  value  of 


an  ohm,  it  may  be  nientionod  that  a  copper  wire  one  foot 
long,  TvW^'*  °^  ^^  ini^  in  diameter,  has  roughly  10  ohms' 
resistaiice,  which  is  also  roughly  the  reeistance  poBsessed  by 
a  mile  of  iron  wire  one-fifth  of  an  inch  in  diaineter. 

8S.  Variation  of  BeslBtuice  with  Length. — The 
apparatus  shown  in  Fig.  55  is  adapted  fur  ascertaining 
this,  and  consists  of  a  thin  platinum  wire  of  uniform 
sectional  area,  stretched  along  the  gisduat«d  bar  between 
the  two  points  w,  w',  and  through  which,  on  pressing  down 
the  key,  a  constant  current  flows,  produced  by  some  cur- 
rent generator  attached  to  the  two  wires  which  come 
from  the  binding  screws  at  the  farther  sid«  of  the  figure. 
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To  one  end  v  is  joined  one  terOiinal  b  of  a  tangent 
galvanometer,  the  coil  of  which  ia  wound  with  a  very  fine 
wire,  and  to  the  other  terminal  b'  is  attach<^d  a  flexible 
wire,  by  which  it  can  be  electrically  attached  to  any 
other  point  of  the  stretched  platinum  wire  by  means -of 
the  binding  screw  »'.  Exiteriwent  shows,  tiiat  if  the 
sensibility  of  the  tangent  galvanometer  is  kept  unchanged 
by  the  adjusting  magnet  if  not  being  moved,  the  tangent 
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of  the  deflection  is  directly  propoi  tional  to  the  distance 
w  «'.  Now,  the  resistance  of  the  wire  forming  the  coil  of 
the  tangent  galvanometer  is  very  great  compared  with 
that  of  the  stretched  platinum  wire  w  w',  hence  it  follows 
(me  §  71,  page  127)  that  the  potential  diflerence  between 
the  points  w  and  «'  of  the  stretched  wire  is  unaffect«d  by 
the  presence  of  the  galvanometer.  Consequently  we  may 
conclude  that  the  t^igent  of  the  deSection  measures  the 
potential  difference  that  would  exist  between  the  points  w 
and  s'  if  the  galvanometer  were  not  present  Hence, 
when  a  constant  current  is  flowing  through  a  particular 
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wire,  the  potenti&l  difference  between  two  points  is 
directly  proportional  to  the  length  of  wire  between  those 
two  points,  so  that  potential  difference  divided  by  cur- 
rent which  we  have  defined  as  the  measure  of  resistance, 
is  directly  proportional  to  the  length  of  wire. 

This  experiment  can  be  performed  for  greater  lengths 
of  wire  by  replacing  the  stretched  wire  shown  in  the 
last  figure  by  lengths  of  the  same  wire  wound  for  con- 
venience round  in  a  sci^ew  groove  turned  on  a  wooden 
cylinder.  Fig.  56  shows  such  an  arrangement,  consisting 
of  six  coils  of  iron  wire  of  lengths,  say  5,  10,  20,  30,  40, 
and  50  feet  respectively,  all  the  wire  being  drawn  to 
have  exactly  the  same  diameter,  say  0*0095  inch. 

From  what  has  preceded  it  follows  that,  if  distances 
o  A,  o  B^  (fea  (Fig.  57)  measured  horizontally  from  a  point 


Fig.  57. 

o,  represent  the  resistance  of  a  circuit  from  some  fixed 
point  up  to  various  points  of  the  circuit,  and  if  vertical 
distances  o  p,  a  Q,  &c,,  represent  the  potentials  at  these 
points,  tite  points  p,  q,  r,  s,  4rc.,  unll  lie  in  one  straight 
line  when  the  cu/rrent  is  ste(xdyy  and  the  tangent  of  the 
angle  this  line  miikes  with  o  o  will  measure  the  strength 
of  the  current,  this  strength  being  in  amperes  if  the  re- 
sistances are  measured  in  ohms,  and  the  potentials  in 
volts. 

84.  Gonstmction  of  Coils;  Multiples  of  the  Ohm. 

— We  are  now  in  a  position,  if  we  have  a  single  wire 
having  one  ohm  resistance  to  start  with,  to  construct,  in 
the  following  way,  by  the  simple  substitution  method,  coils 
having  a  resistance  of  any  number  of  ohms  we  please. 
First,  make  a  second  coil  having  one  ohm  resistance,  theti 
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pat  these  two  ohm  coils  in  series  as  in  Fig.  54,  page  140, 
when  the  resistftnoe  of  the  two  will  be,  as  we  have  seen, 
two  ohms.  Now  make  a  single  coil,  having  two  ohms^ 
resistance  by  comparison,  then  using  this  in  series  with 
one  of  the  one-ohm  coils,  we  shall  have  a  resistance  equal 
to  three  ohms,  compared  with  which  we  can  then  make 
a  stogie  coil  having  three  ohms'  resistance,  and  so  on. 

86.  Variation  of  Besistance  with  Sectional  Area. 
*— For  the  purpose  of  testing  experimentally  how  th^ 
resistance  of  a  wire  depends  on  its  sectional  area,  which 
may  be  done  by  the  simple  substitution  method,  a  board 
somewhat  like  that  shown  in  Fig.  56  is  employed,  but 
having  wires  of  exactly  the  same  length  (say  twen^-one 
feet)  and  the  saoie  loaterial  (ii*on)  wound  round  each  of  the 
cyllndera  The  sectional  areas  of  these  wires  are  how- 
ever different,  being  proportional  to  the  squai^es  of  the 
diameters,  which  may  be  0*0195,  0*0158,  0*0136,  0*0106, 
0-009,  0-0078  of  an  inch. 

86.  Variation  of  Resistance  with  the  Material. — 

On  the  cylinders  of  a  third  board  are  wound  wires  of 
exactly  the  same  length  (say  twenty-one  feet),  and  drawn 
to  have  exactly  the  same  diameter  (say  0*012  of  an  inch), 
but  made  of  the  following  materials :  copper,  platinum, 
brass,  iron,  lead,  and  German  silver^  from  which  the  effect 
of  difference  of  material  can  be  ascertained. 

As  in  selecting  a  piece  of  wire  there  are  three 
distinct  things  that  have  to  be  considered — its  length, 
its  thickness,  and  the  material  of  which  it  is  made — 
it  is  important  that  the  change  in  the  resistance  pro- 
duced by  a  change  in  each  of  these  three  things 
should  be  separately  measured ;  and  generally,  in  experir 
menting,  when  it  is  passible  to  change  several  of  tlte  con- 
ditions under  which  the  eooperifment  is  madCj  it  is  of  the 
utmost  importance  that  only  one  of  the  conditions  s/tofUd 
be  varied  at  one  time.  The  effect  produced  by  the  varia^ 
tion  of  one  condition  should  be  fully  inquired  into  before 
any  one  of  the  other  conditions  is  in  any  way  altered, 
otherwise  it  will  be   generally   quite  impossible   after- 
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wards  to  g&ther  from  thn  remits  vlut  paxtion  of  the 
nriatioa  in  the  ef&ct  ia  prodooed  bj  »aj  particolRr 
change  in  the  conditiftaa. 

87.  Vaiifttioa  of  ResiBtftaM  with  Tempantim. — 
We  hayfl  already  said  that  the  resistance  of  a  wira 


depAnds  on  ita  temperature,  and  the  apparatus  sliown  in 
Pig.  58  is  arranged  especially  for  testing  thia.  A  coil 
of  nlk-covered  iron  wire  is  wound  on  a  long,  tliin,  hollow 
wooden  bobbin,  the  top  of  which  is  seen  at  a.  This  bobbin 
is  placed  in  a  long  thiii  glass  tube,  which  itself  is  placed 
in  water  contained  in  die  vessel  t,  the  temperature  of 
which  can  be  raised  by  the  Bnnaen  gas-burner  a  b  is 
the  top  of  a  piece  of  stout  brass  wire  attached  to  a  flat 
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piece  of  wood  in  the  yesael  y,  and  hy  means  of  which 
the  water  can  be  stirred  up  and  its  temperature  made 
fairlj  uniform  throughout.  The  temperature  of  the  coiil 
of  wire  ia  shown  by  die  thermometer  t,  the  bulb  of  which 
b  inside  the  thin  hollow  wooden  bobbin ;  but  as  even 
with  this  arrangement  there  may  be  a  difference  of  tern* 
perature  between  the  wire  and  the  thermometer  b'llb, 
if  the  heating  of  the  water  is  performed  rapidly,  it  ia 
better,  before  making  a  measurement  of  the  resistance 
in  the  manner  about  to  be  described,  to  withdraw  the 
Bunsen  lamp,  and  wait  a  few  minutes  for  the  interior  of 
the  water-liath  all  to  settle  down  to  a  uniform  temperar 
ture,  which  is  indicated  by  the  two  thermometers  T 
inside  tlie  wooden  bobbin,  and  t'  in  the  water-bath  ont- 
side  the  bobbin  indicating  the  same  temperature.  The 
double  screen  d  d  is  for  the  pui'pose  of  preventing  the  heat 
radiated  from  the  lamp  warming  the  apparatus  used  for 
measuring  the  resistance,  the  action  of  which  Is  based 
on  the  mode  of  measuring  resistance  shown  in  Fig.  52, 
page  137.  From  what  was  there  said,  it  follows  that  if 
the  currents  flowing  through  A  and  b  are  equal,  then  the 
resistances  of  ▲  and  B  are  also  equal  This  equality  of  the 
currents  might  be  ascertained  from  the  deflections  of  two 
galvanometers  placed  in  the  circuits  A  and  b,  these 
deflections  not  being  necessarily  equal,  but  having  values 
which  the  absolute  calibration  curves  of  the  galvano- 
meters show  to  correspond  with  equal  currents. 

This  test  could,  however,  more  easily  be  made  if,  instead 
of  using  two  separate  galvanometers,  a  galvanometer  were 
employed  containing  two  distinct  coils  c,  o'  (Fig.  59),  one 
placed  in  the  circuit  a,  and  the  other  in  the  circuit  b, 
and  if  the  positions  of  these  coils  relatively  to  a  sus- 
pended magnetic  needle  were  so  adjusted,  that  on  equal 
currents  passing  through  them  their  eflects  on  this 
needle  exactly  balanced  one  another,  so  that  the  resultant 
.deflection  of  the  needle  was  nought  With  such  an  ar- 
rangement a  deflection  nought  of  the  needle  would  indicate 
that  the  resistances  of  the  complete  circuit  a,  including 
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that  of  the  ooil  c,  was  equal  to  the  refiistanoe  of  b,  in- 
duding  that  of  the  coil  d.  Further,  if  theee  coils  not 
only  had  equal. and  opposite  effects  on  the  needle  when 
equal  currents  were  passing  through  them,  but  had  also 
equal  resistances,  then  a  deflection  nought  of  the  needle 
would  indicate  not  merelj  that  the  resistances  of  the  cir- 
cuits A  and  B,  but  also  that  the  resistances  of  the  re- 
mainders €€  the  two  circuits  a  and  B,  after  excluding  the 
resistances  of  the  two  coils  c  and  c',  were  also  equaL 

Hence,  with  the  conditions  of  ttpuU  ma^netie  eject 
and  equal 
resisiance  of 
the  two  coils 
c  and  c',  it 
follows  that 

when   there  _ 

IS  no  deflee-  fj^,  jp^ 

tion  of   the 

galvan<Mnet6r  nec^e,  the  two  wires,  a  and  b,  short  or  long, 
used  to  join  the  {K>int  p  with  the  ends  of  the  coils,  have 
equal  resistances 

The  instrument  for  measuring  resistance,  constructed 
on  this  principle,  is  called  a  ^  d^erenticd  gidvaifhometer^^' 
and  solkAx  a  gedvanometer  is  seen  to  the  left  of  Fig.  58. 

In  the  apparatus  shown  in  Fig.  58,  these  two  wires, 
A  and  B  of  Figi  59,  are  our  experimental  coil  of  iron  wire 
in  die  water-bath,  and  the  wire  in  the  resistance  box  b, 
hence,  as  the  resistance  of  the  wire  in  the  water-bath 
varies  bj  being  warmed,  we  can,  by  varying  the  resistance 
in  B  so  as  to  always  obtain  no  deflection  of  the  needle  of 
the  differential  galvanometer,  measure  the  change  of  re- 
sistance produced  by  the  variation  of  temperature. 

88.  Construction  of  a  Differential  Oalvanometer. — 
Hie  actual  way  in  which  the  two  conditions,  equality  of 
magnetic  effects,  and  equality  of  reeietance  of  the  wires 
of  the  two  coils  of  the  differential  galvanometer 
are  fulfilled,  is  as  follows  : — ^Two  reels  of  silk-covered 
copper  wire  are   chosen,    so  that  the  diameter  of  the 
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wire  on  each  is  as  nearly  as  possible  the  same,  and 
the  two  wires  are  wound  side  by  side  on  the  galra- 
nometer  bobbin  until  it  is  nearly  fall;  the  wires  are 
then  tested  and  cat,  so  that  the  resistance,  but  not  of 
course  necessarily  the  length,  of  each  wire  is  ihe  same. 
A  current  is  now  sent  in  opposite  directions  through  the 
two  coils  in  series,  when  it  will  be  found  that,  although 
the  wires  have  been  wound  on  side  by  side,  one  of  them 
will  have  a  greater  magnetic  effect  than  the  other, 
partly  perhaps  because,  being  a  trifle  thicker,  it  has  to  be 
longer  than  the  other,  so  as  to  have  the  same  resistance, 
or  partly  because  it  is,  on  the  whole,  nearer  the  suspended 
needle  than  the  other.  To  remedy  this,  a  small  portion 
of  the  wire  having  the  greater  magnetic  effect  is  un* 
wound,  and  without  being  cut,  which  would  of  course 
destroy  the  equality  of  the  resistances  of  the  two  coils, 
the  portion  so  unwound  is  coiled  up  out  of  the  way  in 
the  base  of  the  instrument.  In  this  way,  by  unwinding 
more  or  less  from  the  coil  that  was  magnetically  the  more 
powerful,  a  very  good  balance  can  be  obtained.  In  the 
use  of  differenloal  galvanometers  in  whidi  the  needle  is 
suspended  by  a  ulk  fibre  (as»  for  example,  it  is  in 
Fig.  58,  where  the  silk  fibre  is  inside  the  tube  <),  a  final 
and  most  delicate  adjustment  can  be  obtained  by  raising 
or  lowering  one  of  the  levelling  screws  s  s  slightly,  so  as 
to  tilt  the  needle  nearer  to  or  farther  from  one  of  the 
coik.  And  the  spirit-level  l  should  then  be  permanently 
adjusted  so  that  the  bubble  is  in  the  centre  of  the  glan 
cover  of  the  level,  after  the  instrument  has  been  tUted 
in  the  manner  just  described.  The  plugs  p*,  p',  seen 
in  the  figure,  are  for  the  purpose  of  enabling  the  two 
coils  of  this  differential  galvanometer,  whidi  is  known 
as  Latimer  Clark's  differential  galvanometer,  to  be  joined 
so  as  to  oppose  one  another^s  effect^  or  to  assist  one 
another  when  it  is  desired  to  use  the  instrument  aa  an 
ordinary  galvanometer  instead  of  a  differential  one,  and 
the  plugs  p',  F*  ai«  for  the  purpose  of  shunting  either  ooil 
of  the  differential  galvanometer  (sm  §  107,  page  185). 
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8B.  Ooattmetion  of  Plug  RaritUnoa  Boxes.— The 

geneml  ooDstmction  of  a  resifltanoe  box  was  explained  in 
%  12,  page  28 ;  but  in  the  one  ahown  in  Fig.  58,  the  ooite 
naed  to  oonneet  the  various  pieces  of  brass  on  the  top  of 
the  box  are  not  eqnal,  bat  may  conveniently  have  the 
following  valiieB  going  round  them  consecativelj,  starting 
from  one  of  the  binding  screws : 

01,  0-2,  0-2,  0-5,  1,  2,  4,  10,  20  ohm& 

There  is  also  an  "  infiniiy  plug"  that  is,  two  of  the  pieces 
of  brass  are  not  connected  by  a  coil  at  alL  Hence,  if  wo 
take  oat  the  first  and  second  plugs,  the  rest  being  left  in, 
the  resistance  in  the  box  will  be  0*1  4-  0*2  or  0*3  ohms ; 
if  we  take  out  the  first  and  fourth,  replacing  the  second, 
It  will  be  0-1  +  0*9  or  0*6  ohms,  ko.  So  that  with  the 
ooils  above-mentioned,  any  resistance  between  0*1  and  38 
ohms  can  be  obtained  with  the  nine  coils.  The  brass 
pln^  and  the  }K>les  into  which  they  fit  are  made  conical^ 
and  the  plu^  should  be  well  grownd  into  the  hole$  during 
manufacture.  To  prevent  a  resistance  being  introduced 
betwesii  the  plug  and  the  two  piecee  of  btass  on  each 
side  of  it,  a  good  contact  is  necessary,  and  to  insure  this, 
a  plug,  when  put  into  the  hole,  should  receive  a  slight 
screwing  motion,  when  it  will  be  found,  with  well-made 
plugEi  that,  although  there  is  no  screw  thread  on  the 
plug,  the  whole  resistance  box  can  be  easily  lifted 
up  by  taking  hold  of  one  plug  after  it  has  properly  been 
put  in.  Such  doamess  of  contact  it  would  be  extremely 
difficult  to  secure  by  simply  pressing  down  the  plug, 
unless  a  lai^  downward  pressure  were  employed,  and  a 
corresponding  tug^;ing  when  taking  it  out^  which  would 
soon  wrench  off  the  ebonite  head.  The  ebonite  heads 
are  usually  screwed  on  to  the  tops  of  the  brass  plugs,  but 
to  prevent  the  head  unscrewing  in  use^  a  pin  should 
always  be  driven  through  the  ebonite  top  and  the  head 
of  the  brsss  plug  after  l^ey  have  been  fitted  together. 

The  holes  in  the  figure,  seen  in  the   brass  pieces 
themselves,   are  for  the  purpose  of  holding  the  plugs, 
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wh&n  they  are  not  placed  between  the  pieces  of  brass  to 
short-circuit  the  intervening  coil  ;  but  the  use  of  the 
holes  in  the  brass  pieces  cannot  be  recommended,  since^ 
when  the  resistances  corresponding  with  the  holes  that 
are  unplugged  are  being  rapidly  oounted,  a  plug  stuck 
in  one  of  the  pieces  of  brass  is  liable  to  be  mistaken  for 
a  plug  between  two  pieces  of  brass,  and  hence  coils 
which  are  actually  in  circuit  are  liable  to  be  missed  out 
in  the  counting  up.  Further,  xmless  the  pieces  of  biuss 
are  Very  large,  the  ebonite  head  of  a  plug  stuck  into  one 
of  them  prevents  the  next  plug  being  properly  inserted,  or 
removed,  when  the  resistance  of  the  next  coil  is  to  be 
subtracted  from  or  added  to  the  resistance  in  circuit 

90.  Law  of  the  Variation  of  Reaistance  with 
Temperature. — Experiments  made  with  the  -apparatus 
seen  in  Fig.  58,  show  that  the  resistance  of  copper 
increases  about  0*388  per  cent,  per  1°  0.,  or  1  {ter 
cent,  for  a  rise  of  temperature  of  2^-57  0.  This  increase 
of  resistance  is  not  due  simply  to  the  wire  becoming 
longer,  for  if  the  change  of  resistance  were  due  merely 
to  alteration  of  size,  then,  since  the  coefficient  of  increase 
of  length  by  temperature  is  the  same  as  the  co-efficient 
of  increase  of  diameter,  and  as  the  resistance  ia  directly 
proportional  to  the  length,  and  inversely  propoi-tional  to 
the  square  of  the  diameter,  it  follows  that  as  fiu-  as  mere 
size  is  concerned,  increase  of  temperature  should  diminish 
the  resistance.  The  fact,  however,  that  the  expansion 
of  a  metal  by  heating  has  the  effect  of  separating  all 
the  pai*ticles  of  which  the  metal  is  composed  from  one 
another,  may  have  something  to  do  with  the  greater 
difficulty  a  current  has  in  passing  through  a  hot  wire  than 
through  a  cold  one.  But  even  this  rough  figurative  expla- 
nation must  be  received  with  caution,  since  the  resistance 
of  a  liquid  which  also  expands  in  all  directions  with 
increase  of  temperature,  diminishes  as  the  temperature 
rises  instead  of  increasing  as  is  the  case  with  metals. 

Very  careful  experiments  made  on  the  increase  of 
resistance  of  metals  with  temperature,  show  that'  the 
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increase,  although  roughly  proportional^  ia  not  absolutely 
proportional  to  the  increaae  of  temperature,  the  resistance 
increasing  in  fact  more  rapidly  than  the  temperature  for 
all  pure  metals  except  mercury,  so  that  the  expression 
connecting  resistance  with  tempwature  must  contain  a 
term,  inyolying  at  least  the  square  of  the  temperature. 
The  actual  result  obtained  by  Dr.  Matthiessen  for  most 
pure  metals,  excepting  iron,  is  approximately 

R=r  (1  4-  0003824 1  +  0-00000126 <•), 

where  r  is  the  resistance  at  0^  C,  and  R  the  resistance  at 
any  temperature  ^  C. 

For  mercujry  the  formula  is 

R=r  (I  +  00007485 1-0000000398  fi) ; 
for  the  gold-silver  alloy  in  Table  L, 

R=r  (1  4-  00006999  t  ^  0000000062 1^) ; 
for  German  silver, 

R=r  (1  +  00004433  i  -h  0000000152  !»)  | 
for  the  platinum-silver  alloy  in  Table  I., 

R=r(l  -hOOOOSU). 

Carbon  is  an  exception  to  the  otherwise  universal 
law,  that  the  resistance  of  elementary  substances,  as  dis- 
tingoiBhed  from  compounds,  increases  as  the  temperature 
rises.  This  fact  ia  a  reason  for  thinking  that  very 
possibly  carbon  is  really  a  compound  body. 

9L  Besistanoe  of  Metals  per  OaUc  Centimetre 
and  per  CnUo  Inch. — ^The  following  table,  deduced  from 
Dr.  Matthiessen's  results,  and  expressed  in  terms  of  the 
1884  legal  standard  (see  §  80,  page  1 40),  gives  the  value  at 
0^  C.  of  the  resistance  in  microhms,  or  millionths  of  an 
ohm,  of  a  cubic  centimetre  and  of  a  cubic  inch,  which 
means  the  resLstanoe  from  one  &oe  to  the  opposite  face 
accofls  the  cube. 
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TABLE  No.  L 

Chimiedlly  Pur*  Subttmneei  arrattfed  in  order  of  Inermtinf 
for  the  tame  Length  mud  Sectional  Area. 

LBOAL  MICROHICK. 


Name  of  Motet 

Boaistanoo  in  lEtorcthms 
at  0^  Centigxado. 

Bdativo 

Cnbio 
Centi- 
iBetana. 

CaUo 
ineh. 

Beaivt- 
anoo. 

Bilver,  annealed 

Copper,  annealed 

surer,  hard  dnwn    .... 

Gonper,  hard  drawn .... 

Gkla,  annealed 

GK>ld,  hard  drawn     .... 

Aluminium,  annealed    .     .     . 

Zino,  preoed 

Platinum,  annealed  .... 

Iron,  annealed 

Oold-flilver  alloy  (2  os.  gold, 
1  oa.  Bilver),  hard,  or  an- 
nealed       

Nickel,  annealed 

Tin,  pressed 

Lead,  pressed 

German  silver,  hard,  or  an- 
nealed      

Platinum-silver  alloy  (1  oa. 
platiniun,  2  oa.  silver), 
hard,  or  annealed      .    .    . 

MercuxT      .....•• 
Bismuth,  pressed 

1-604 
1-698 
1-634 
1-634 
2-058 
2-094 
2-912 
6*626 
9-067 
9-716 

10-87 
12*47 
13-21 
19*63 

20-93 

24-39 
36-50 
94-32 
181-2 

0-6921 

0-6292 

0*6483 

0-6438 

0-8102 

0-8247 

1-147 

2-216 

3-666 

3-826 

4-281 
4-907 
6-202 
7-728 

8-240 

9-608 
13-98 
87-16 
61-66 

1 

1063 

1*086 

1-086 

1-369 

1-393 

1-936 

3-741 

6-022 

6-460 

7-228 
8*286 
8-784 
13*06 

13-92 

16-Cl 

23-60 
62-73 
87-23 

From  the  preceding  table  we  see  th»t  of  tiie  Tttrioiu 
metals,  afwiealed  nlver  is  the  one  having  the  lecut^ 
and  itiamiUh  the  one  having  the  gretUeHf  resistance  for  a 
given  length  and  sectional  arect. 

The  reeistanoes  of  *^  eommercitU  **  metals  are  always 
higher  than  the  values  given  in  the  preceding  table,  and  the 
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difference  ia  often  rerj  conndeimUa  Am  comet  can, 
however,  now  be  earilj  obtained  having  aa  mudi  aa  95 
per  cent,  of  the  "  candudiviiy "  of  pure  copper  (which 
means  that  the  lesiatance  of  a  wire  of  commercial  copper 
exceeds  that  of  a  wire  of  the  aame  length  and  sectional 
area  made  of  pore  copper  by  not  more  than  5*3  per 
cent.),  copper  of  leas  ccmdncting  power  than  this  should 
not  be  booght  for  electrical  purpoaea. 

CondueUvUy  if  the  reciprocal  (^  reiiHtMce,  so  that  if 
Ti  and  r,  be  the  reeiatancea,  and  C|  and  e^  the  conduo- 
tiTitiei^ 

From  the  preceding  table,  the  resistance  of  a  wire  of 
anj  length  and  sectional  area,  at  0^  0.,  can  be  easily  foond, 
by  employing  the  formulsB  given. 

Example  26. — ^To  find  the  resistance  of  a  wire  52 
metres  longi  1  square  millimetre  in  section  at  22^  Q, 
made  of  pure  copper,  hard  drawn. 

Besistance  required  )  _  1*634  ^  52  x  100 
in  ohms  J        10«  1 

loo 

X  (1  -h  0-003824  X  22  +  0-00000126  x  22«). 

AfhBwer. — 0*9221  ohms. 

BxampU  27. — ^To  find  the  resistance  of  a  wire  110 
feet  long  ^th  of  an  inch  in  diameter  at  46^  C,  made  of 
pure  annealed  j^tinum. 

Resistance  required )      3  665       110  x  12 
in  ohms  )        10*  «-        1 

4  ^  2C^ 
X  (1  -h  0-003824  X  46  +  0-00000126  x  46«). 

Anmoer. — 2*825  ohma 
Smamph  28. — At  what  temperature  will  a  wire  3| 
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miles  long  ^th  o{  a  aqu&re  inoh  in  section,  made  of 
German  silver,  have  a  resistance  of  22*23  ohmsl 

««  ««       8*240      3-5  X  6280  x  12 

22*23  = X — 

10«  1 

"12" 

X  (1  +  0-000443 1  +  0-000000152  +  <«). 

Solving  this  quadratic  equation  for  I,  ve  find  t  equals 
37°-5  C. 

Example  29. — ^If  the  resistanoe  of  a  sample  of  com- 
mercial metal  is  97*5  ohms,  whereas  the  resistance  of 
the  same  piece  of  metal,  if  quite  pure,  would  be  94*3  ohms 
at  the  same  temperature,  what  is  its  percentage  conduc- 
tivity in  terms  of  that  of  the  pure  metal  t 

The  conductivity  of  the  sample  of  ^        1 
commercial  metal  j^^  97*5 

The  conductivity  of  the  same  if)  _     1    . 
pure  would  )      94*3  * 

•  *•  if  «  be  the  percentage  conductivity! 

-!-  =  _?_      -i_ 
97-5""  100  ^  94*3' 

.-.  a  =  96*72. 

Anmoer, — 96*72  per  cent,  conductivity* 

93.— Resistance  of  Metals  for  a  given  Length  and 
Diameter,  or  for  a  given  Length  and  Weight — It  is 
frequently  convenient  to  know,  not  merely  the  resistance 
of  a  cubic  centimetre,  or  of  a  cubic  inch,  but  of  a  wire  of 
a  given  length  and  diameter,  or  of  a  given  length  and 
weight.  The  following  numbers,  giving  the  resistance 
at  0°  0.  of  pure  substances,  are  deduced  from  Dr.  Mat- 
thiessen's  experiments,  and  are  expressed  in  terms  of  the 
1884  legal  ohm.  The  substances  are  arranged  in  order 
of  increasing  resistance  for  the  same  length  and  weighty 
the  order  for  increasing  resistance  for  the  same  length  and 
sectional  area  being  that  given  in  Table  Na  L,  page  154. 
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TABLE  No.  IL 
lUntimmef  for  ik$  mmt»  Lmgth 

LBOAL  OHMS. 


H^iight. 


•t 


BssistaMS 

BesMaM 

Bsaistaaos 

Knaa  of  M«te]a  anrnar) 

^    ofawin 

.    IfOOtlOBC, 

^     wdgUnc 
Iffialii. 

o(a  win 

of  awirs 

of  swir* 

in  cedar  of  iiusraaaiaff 

raiataaoe  for  tl&e  mbm 

Iwgtb  and  weight. 

Ifoot  loi«» 

CuSBftSMRi 

Imetr* 

weishiW 

Imstrs 

lO0f, 

ImiUiBMtn 
IndSsmster. 

Ohrna. 

Oluna. 

Ohms. 

Ohms. 

AlomimnTn,   annealed 

I      0*1074 

17*63 

0-0749 

0-03710 

Gapper,  annoaled  .    . 

0*2041 

9*612 

0*1424 

0  02034 

Copper,  bard  dnwn  . 

0-2083 

9*831 

0*1463 

0-02081 

Silver,  annealed     .    . 

0-2190 

9*048 

0*1627 

0-01916 

SUtot,  bard  drawn 

0*2389 

9*826 

0*1662 

0*02080 

Zinc,  prciMod     .    .    . 

0*6766 

33*86 

0*4023 

0*07163 

Gold,  annealed  .    . 

0*6786 

12*38 

0*4036 

0-026-20 

Gold,  hard  drawn  . 

0*5884 

12*60 

0*4104 

0*02668 

Iron,  annealed  .    . 

1*086 

68*46 

0*7670 

0-1237 

Tin,  pressed .    .    . 

1*380 

79*47 

0*9632 

0*1682 

Gold-silver  alloy  (2  oa 

gtdd,    1  OB.  mlver) 

bard,  or  annealed 

!      2-364 

66*37 

I  6.)0 

01384 

German    silver,  hard 

or  annealed    .    •    . 

\      2*622 

125-91 

1-830 

0*2666 

Platinum,  annealed 

2*779 

64*49 

1-938 

0-1163 

Lead,  pressed    .    . 

3*200 

2-232 

0*2498 

Antimony,  pressed 
Platinnm-siiTer  (1  oz 

3*418 

213-6 

2  384 

0-4521 

platinnm,  2  os.  sil- 

ver), hard,  or   an- 

neaiou  •     •     •     •     < 

4-197 

146*70 

2-924 

0-3106 

Bismuth,  piened   .    . 

.     18-44 

789*8 

12-88 

1*670 

Mercury  .    •    .    .    , 

.     18-61 

672*3 

12*91 

1*211 

From  this  we  see  that  of  the  metals  alwrninvwrn  has 
the  Uaai  resistanoe  for  a  given  Umqih  and  weig^U,  and 
mercurff  the  greatest ;  whereas  we  saw  from  Table  No.  I, 
page  154,  that  for  a  gvcen  length  and  sectional  area  it  was 
annealed  silver  that  had  the  least  resistance,  and  bismuth 
i^greaiesL 
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ExampU  30 — ^What  will  be  the  weight  of  an  iron 
wire  100  yards  long,  having  a  resistanoe  of  1  ohm  at 

An  iron  wire  1  ft  long  weighing  1  grain  has  1085 
ohms  at  0°  C,  therefore  an  iron  wire  x  &  long  w^^^iing 
»  grs.  has  x  x  1085  ohms  at  0^  0.     Hence  an  iron  wire 

X  ft.  long  weighing  y  gra.  has —  x  1*085  ohms  at  0^  C. 

y 
In  the  question  x  is  300»  and  the  resistanoe  is  1  ohm. 

Therefore 

300' 

---  X  1-085  =  1; 

y 

.\  y  =  300»  X  1-085  grs. 

Answer. — 13  lbs.  15  os. 

Example  31.  — What  will  be  the  length  of  a  platinum 
wire  weighing  2*8  grains,  and  having  a  resistance  of 
0-7891  ohms  at  250"^  C.  f  Anstoer,—!^  inches. 

Example  32. — Which  has  the  greater  resistance,  a 
copper  wire  20  feet  long  0-015  inch  in  diameter,  or  a 
platinumndlver  wire  10  feet  long  0*037  inch  in  diameter, 

ato°ai 

The  resiBtanoe  of  the  copper  wire  will  be  to  that  of 

.       ,  ^             20  X  9-612 .   ^    10  X  U6-7       ,       . . 
the  platinum  as —  is  to  — 7f^ —  >  ^^^  ^^  ^^ 

ratio  is  0*7973,  it  follows  that  the  former  has  rather  more 
than  three-quarters  of  the  resistance  of  the  latter. 

Example  33. — ^What  will  be  the  resistance,  at  95°  C, 
of  a  copper  wire  20  metres  long  weighing  12  grammes, 
and  having  92  per  cent  of  the  conductivity  of  pure 
copper)  Anatoer. — 7*092  ohms. 

9S.  Oompuison  of  Eleotrio  and  Heat  OonductiTi- 
ties. — The  reciprocals  of  the  numbers  given  in  oolunm 
4  of  Table  Na  L  will  express  the  relative  electric  con- 
ductivities of  the  metals  for  the  same  length  and  sec- 
tional area.     These  numbers  are  given  in  column  2  of 
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Table  No.  III.  Ou  comparing  these  with  the  oondactivi- 
ties  of  the  metals  for  heat  for  the  same  length  and  sec* 
tional  area  aa  given  in  column  3  of  Table  No.  IIL,  and 
which  are  the  nnmbers  obtained  hj  Wiedemann  and  Franz, 
we  observe  that  the  metals  arrange  themselves  apfyroxi- 
matdy,  but  not  absolately,  in  the  same  order  for  the  two 
condnotivitiea. 

TABLE  No.  in. 


£4iati90  OoHfiuetiwUiet  per 

Cukic  Unit, 

Mameof  KeteL 

Electrio. 

Bmi. 

Silyer,  annealed 

100 

100 

^T   : 

•••         •••         ••• 

94-1 

74-8 

•••         •••         ••• 

73 

64-8 

Platmmn     ... 

•••         ••«          ••• 

16-6 

9-4 

Iron 



15*6 

10-1 

Tin,  pressed 

•••          ■••          •■■ 

11-4 

16-4 

Lead 

•■•          ■••         ■•• 

7-6 

7-9 

BiBinath 

•■■          ■••         •■■ 

11 

1-8 

As  we  experiment  with  woiise  and  worse  conductors, 
we  find  that  the  electric  conductivity  diminishes  much 
more  rapidly  than  the  heat  conductivity.  For  example, 
the  electric  conductivity  of  copper  is  about  10^  times  the 
conductivity  of  vulcanised  indiarubber,  whereas  the  heat 
conductivity  of  copper  is  only  about  1(H  times  that  of 
vulcanised  indiarubber.  Henee^  while  we  eon  obtain  in- 
sulators for  eleeiricitt/y  or  bodies  which  relatively  to  the 
nietals  do  not  practically  eondv^t  electricity  at  ally  insvla- 
tors/or  /iecU  are  tmknoion, 

94.  Material  Used  in  Besistance  Ooils.— We  see 

then  that  it  is  not  merely  sufficient  to  know  the  length 
and  diameter  of  a  wire  as  well  as  the  material  of  which 
it  is  made,  but  we  must  know  also  the  temperature  of  the 
wire  if  we  wish  to  be  sure  about  its  resistanoe.  Fixity  of 
length,  diameter,  and  material,  are  easy  enough  to  obtain, 
but  constancy  of  temperature  it  is  much  more  difficult  to 
secure,  partly  on  account  of  changv«  of  temperature  of 
the  room,  and  partly  on  account  of  the  slight  heating  of 
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a  coil  of  wire  prodnoed  by  a  current  passiiig  through  it^ 
OonBequently,  in  the  construction  of  resistance  coils  it  is 
important  to  use  a  metal  of  which  the  resistance  changes 
as  little  as  possible  with  temperature,  and  which  is  not  too 
costlj.  To  ascertain  what  that  metal  was,  Dr.  Matthies- 
sen,  in  1862  and  1863 — that  is,  in  the  early  days  of  re- 
sistance coils — made,  on  behalf  of  the  Electrical  Standards 
(Committee  of  the  British  Association,  a  large  number 
of  very  accurate  experiments  on  the  change  of  resist- 
ance with  temperature,  and  a  few  of  his  results  are 
contained  in  the  following  table. 

TABLE  No.  IV. 
Appkoximatb  Peucbktaob   Variation  in  Ebsmtancb   pbr  l^Cl 

AT  ABOUT  20**  C. 

Platinum-silver  alloy  (I  oz.  platiTnim,  2  os. 

silver),  hard,  or  annoaled  .        •  0*031 

Germaii  Bilyer,  hard,  or  annealed  .        .        .  0*044 
Gold-diver  allov  (2  os.  gold,  1  oz.  silver),  hard, 

or  annealed     .        v        .        .        ..        •  0*065 

Mercury         .......  0*072 

Bismuth,  pressed    .        .        .        .        «        .  0*354 

Gold,  annealed  ) 

Zinc,  pressed      [ 0*365 

Tin,  pressed       ) 

Silver,  annealed 0*377 

Lead,  pressed 0*387 

Copper,  annealed   .        .        .    ,    .        .        .  0*388 

Antimony      .        .        .        .    '    .        .        .  0*389 

Iron about  0*6 

From,  this  we  see  that,  whereas  (of  the  substances  ex- 
perimented on  hj  Dr.  M atthiessen)  an  eUloy  ofplatimufj^- 
sUveVf  hard  or  annealed,  is  the  onie  of  wludi  the  re- 
sistance changes  least  by  temperature,  German  siher, 
which  is  a  very  much  cheaper  aJloy,  is  nearly  as  good  in 
this  respect.  Hence^  nearly  cUl  resisUmce  coils  are  made 
of  German  silver,  except  when  greater  lightness  and  port- 
ability are  required,  in  which  case  the  alloy  of  one  part 
of  platinum  and  two  of  silver  by  weight  is  employed. 

A  new  alloy,  called  " platinoid^* consisting  of  German 
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miver,  with  one  or  two  per  cent,  of  metallic  tungBt«ii 
added,  has  been  reoeatly  found  by  Mr.  J.  Bottomley  to 
have  a  resistance  per  cnbic  centimetre  of  about  34  ini- 
aohm^  or  about  60  per  cent,  higher  than  that  poeaesaed 


by  German  silver  ;  and,  what  is  still  more  ini|K)i'tant,  iu 
percentage  Tariation  of  resistance  per  1°  C.  is  only  about 
0021,  or  less  than  half  that  of  German  silver.  We  may, 
tberefoi-e,  expect  that  platinoid  will  Bnpeinede  both  Ger- 
Dton  silver  and  platinum  silver   for  resistance    coils,    if 
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its  resistanoe  be  found  to  be  equally  unchanged  by  li^iee 
of  time. 

Iron,  we  see,  is  tke  worst  of  the  sabstanoes  shown  in 
the  table  to  be  used  in  the  construction  of  resistanoe 
coils,  as  far  as  the  temperature  error  is  concerned ;  but  it 
is  not  unfrequently  used  when  cheap  resistanoe  coils  are 
required  for  large  currents,  and  when,  as  sometimes  is 
the  case,  great  constancy  of  resistance  is  not  necessary. 

The  resistance  coil,  when  used  as  an  acewrtUe  atamdairdj 
is  wound  inside  a  brass  box  B,  shown  in  Fig.  60,  so  that 
it  may  be  inserted  in  a  vessel  of  water  v  v,  and  its 
temperature  accurately  noted  by  means  of  the  thermo- 
meter t.  The  brass  box  b  for  holding  the  coil  is  made 
cylindrical  inside  and  outside,  with  a  large  diameter  and 
small  thickness,  so  as  to  expose  as  much  surface  as 
possible  to  the  water,  in  order  that  the  coil  inside  may 
acquire  the  temperature  of  the  water  as  quickly  as  pos> 
sible ;  and  the  vessel  y  v  containing  the  water  may  with 
advantage  have  double  sides,  with  an  air-space  between 
them,  as  seen  in  the  figure,  to  prevent  transference  of 
heat  between  the  water  and  outside  space. 

The  tubes  tt  are  to  prevent  the  coils  being  short 
circuited  by  water  getting  through  the  holes,  by  which 
the  rods  w  w  attached  to  the  ends  of  the  resistanoe  coil 
are  brought  out.  These  tubes  are  made  of  brass;,  but 
they  are  lined  with  tubes  of  ebonite  to  prevent  electric 
contact  between  these  brass  tubes  and  the  rods  ww. 
Electric  connection  with  these  rods  is  made  by  dipping 
their  ends  b  b  into  little  wooden  cups  containing  mercury. 

Example  34. — ^At  what  temperature,  approximately, 
would  a  German  silver  coil,  which  had  one  British  Asso- 
ciation unit  of  resistance  at  16°  C,  have  the  resistiince 
of  one  legal  ohm  ? 

1  legal  ohm  =  1«0112  RA.  units, 

therefore  the  temperature  must  be  ndsed  sufficiently  to 
increase  the  resistance  of  the  coil  by  1*12  per  cent. 
Therefore^  since  the  resbtance  of  German  silver  increases 
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(H>44  per  cent  per  degree,  m  stated  in  the  last  table,  if  I 
be  the  temperature  above  16^  to  whidi  the  oofl  most  be 


0'044  X  «=M2, 

or  I  s  35^*5  i^roximately. 

Ansufer, — ^The  RA.  ooil  will  have  a  resistance  of  one 
legal  ohm  at  4P-5  C. 

ExomipU  35. — A  set  of  resistance  coils  made  of  plati- 
num-silver are  correct  at  14^0.  Between  what  limits  of 
temperature  approximately  may  they  be  used  without 
correcting  the  results,  if  the  temperature  error  is  not  to 
exceed  \  per  cent  t 

The  resistance  of  platinum-silver  increases  about 
0-031  per  cent,  per  1^  0.,  as  stated  in  the  last  table ; 
therefore,  if  I  be  the  number  of  degrees  above  or  below 
14°  0.,  within  which  the  coils  may  be  used  without  the 
error  exceeding  \  per  cent, 

0O31  X  t  =  0-26, 

Answer. — ^The  limits  of  temperature  are  approxi- 
mately 6""  and  22"  0. 

FxannpU  36. — ^If  the  greatest  change  of  temperature 
at  some  particular  place  between  summer  and  winter  is 
from — 8"  to  25°  0.  in  the  shade,  what  is  the  greatest  per- 
centage variation  in  the  resistance  of  a  set  of  German 
silver  coils  t    Answer. — 1*45  per  cent  approximately. 

Example  37. — ^At  what  temperature  would  a  metre  of 
mercury  one  square  millimetre  in  section  have  one  ohm 
resistance  t  Answer. — 83°  *3  C. 

96.  Mode  of  Winding  Beristance  Coils.— Not  only 
must  a  special  metal  be  employed  in  making  resistance 
coils,  but  the  wire  must  not  be  wound  on  the  bobbin  in 
the  ordinary  way.  If  it  were  wound  on  the  bobbin  as 
cotton  is  on  a  reel,  then  each  bobbin  in  a  resistance  box 
would  act  as  a  magnet  when  a  current  passed  through 
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it.  and  a  box  fall  of  electro-magnetB  would  be  a  most 
inconvenient  thing  to  have  near  a  delicate  galvanometer 
used  in  testing  resistances,  since  one  would  be  constantly 
in  doubt  as  to  whether  the  deflection  observed  on  putting 
on  the  current  was  due  to  want  of  adjustment  in  the 
resistance,  or  to  the  temporaiy  magnetisation  of  the 
adjacent  resistance  box.  Hence,  the  wire  of  a  resistance 
coil  is  wound  back  on  itself  as  shown  in  Fig.  7,  page  28, 
so  that  the  current,  in  passing  through  the  wire,  first  goes 
several  times  round  the  bobbin  in  one  direction,  and 
then  an  equal  number  of  times  in  the  opposite  direction, 
and  the  two  magnetic  effects  neutralise  one  another. 

The  disturbing  magnetic  effect  that  might  otherwise 
have  arisen  when  using  resistance  coils,  is  overcome  by 
this  double  mode  of  winding ;  but  the  magnetic  action  of 
a  cuirent  ])assing  round  an  ordinary  reel  of  wire,  or  a 
coil  wound  for  a  galvanometer  or  for  an  electromagnet^ 
d:c.,  must  l)e  carefully  taken  into  consideration  when 
anything  of  this  form  has  to  be  tested  for  resistance.  As 
such  coils  are  frequently  wound  before  being  tested,  they 
must,  when  it  is  desii*ed  to  test  them,  be  placed  so  far 
away  from  the  galvanometer  that  the  mere  passage  of  tlie 
current  round  the  coil  produces  by  itself  no  deflection  of 
the  galvanometer  needle,  when  no  current  is  allowed  to 
pass  through  the  galvanometer. 

96.  Calibrating  a  Galvanometer  by  Using  Known 
Resistances. — From  Ohm's  law  (§  74,  page  130), it  follows 
that  the  current  passing  through  any  circuit  is  inversely 
proportional  to  its  resistance  if  a  constant  potential 
difference  be  maintained  at  the  ends  of  the  circuit.  Con- 
sequently if  a  constant  potential  difference  be  maintained 
at  the  terminals  T  T  (one  only  of  which  is  seen  in  Fig. 
61)  of  the  circuit,  consisting  of  the  key  K,  the  detector  D, 
and  the  resistance  box  r,  the  current  passing  through  the 
detector  will  be  inversely  proportional  to  the  sum  of  the 
resistances  of  the  key,  detector,  and  resistance  box.  Such 
a  constant  potential  difference  can  be  maintained,  as  will 
be  seen  in  §  1 39,  page  26 1 ,  by  attaching  to  the  terminals  tt 
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•n  accnmnlator  or  any  galvanic  cell,  the   i 

which  is  snial)  compared  wiUi  the  net  of  the  i-esiatanM 

in  the  drcniL 

To  perform  the  calibration,  it  is,  perhaps,  best  to  first 
employ  such  a  resistance  in  the  box  a  that  the  deflection 
on  tlie  detector  b  about  10° ;  let  this  be  r„  and  let  the 


galvanometer  rewstance  be  g,  and  let  the  deflection  be 
(/°,.     Next  em))loy  a  resistance  r„  such  that 

»•.  +  9  =  J  (n  +  9\ 

or  r,  =  \r,-\0, 
then  the  current  will  be  doubled  since  the  resistance  of 
the  key  k  is  practically  nought,  if  tlie  platinum  contact 
points  be  cleaned  by  inserting  a  piece  of  paper  between 
them,  then  pregging  f/iem  together,  arid  pulling  out  lli^ 
paper  witk  the  poijita  pressed  together.  (Emery  paper 
should  not  be  used  as  it  rubs  airay  the  pUtinuia,  and 
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Btill  less  should  the  contacts  be  scraped  with  a  knife  or  a 
file.)  Let  the  deflection,  with  this  value  of  r„  be  <Pf 
Next  employ  a  resiBtance  r^  such  that 

or    r,=  Jri-|^, 

then  the  current  will  be  trebled.  Let  this  produce  a 
deflection  of  e^°,  &c  In  this  way  a  series  of  deflections 
will  be  obtained,  corresponding  with  currents  propor- 
tional to  1,  2,  3,  4,  ^,  and  a  relative  calibration  curve 
can  be  drawn  in  the  way  already  described. 

The  Whbatstone  Bbidob. 

97.  Wheatstone's  Bridge. — The  diflerential  galvano- 
meter, in  its  simple  form,  is  a  very  convenient  apparatus 


Fig.  eg. 

for  testing  the  equality  of  two  resistances,  but  there  is  a 
still  better  method  for  accurately  and  rapidly  comparing 
any  two  resistances,  which  was  originally  devised  by  Mr. 
Christie,  and  brought  into  public  notice  by  the  late  Sir 
Charles  Wheatstone,  and  hence  has  been  called  a 
*^Wfieat8t<me*8  bridge"  or  a  "  Wheatstone's  balance," 

The  principle  of  the  Wheatstone's  bridge  is  seen  from 
Fig.  62,  and  is  as  follows : — In  passing  from  P  to  q,  either 
along  the  wire  p  s  <),  or  along  P  T  Q,  there  are  points  having 
all  potentials  between  the  potential  of  p  and  that  of  Q, 
therefore  it  follows  that  for  every  point  in  the  circuit 
p  8  Q,  there  must  be  a  point  on  the  circuit  P  t  Q,  having 
tlie  same  potential  Let  s  and  t  be  two  such  points ; 
then,  if  they  were  joined  with  a  galvanometer,  no  current 
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would  flow  through  it,  or  if  joined  to  the  opposite  quart'T 
cylinderB  of  the  electrometer  described  in  §  75,  page  130, 
^ere  would  be  no  deflection.  Let  A  be  the  current 
flowing  along  p  s,  and  which  also  must  be  the  current 
flowing  along  SQ,  since  no  current  passes  through  the 
galvanometei*,  and  B  the  cuirent  flowing  along  p  t  Q,  anti 
letajbj  Cj  dhe  ihe  resistances  respectively  of  p  s,  s  Q,  p  T, 
T  Q ;  then,  since  the  potential  difference  between  p  and  s 
is  the  same  as  the  potential  diflerence  between  ¥  and  t, 

A<»  =  Bc. 

Similarly,  since  the  potential  diflerence  between  s  and  q 
is  the  same  as  the  potential  difference  between  t  and  ^ 

A6  =  Bd 

Therefore^  oombining  these  two  equations^  we  hava 

which  is  the  law  of  the  Wheatstone's  bridge. 
The  last  equation  may  be  written  in  the  form 

a       b 

«  =  3' 

and  this  is  the  equation  that  we  should  have  obtained  for 
no  enrrent  through  the  galvanometer,  had  its  terminals 
joined  P  and  Q,  and  the  current  generator  been  placed 
between  s  and  t.  Hence  when  balance  i$  obtained  wUh  a 
WfteaUUm^e  brid^e^  the  balance  will  not  be  disturbed  by 
interchanging  the  galvamcmeter  and  battery. 

In  order,  then,  to  tell  the  value  of  one  of  the  r^ist- 
ances,  say  a,  by  the  Wheatstone's  bridge  method,  we  must 
know  the  value  of  either  of  the  adjacent  ones,  say  6,  in 
ohms,  and  the  ratio  only  of  the  other  two,  say  e  and  <L 
Hence  one  mode  of  using  the  bridge  to  measure  the  resist- 
ance of  a  is  to  keep  the  ratio  of  e  to  c^  constanti  and  simply 
vary  the  resistance  of  b  until  no  current  passes  through 
the  galvazuNneter.    Another  method  consists  in  keeping  b 
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oonstant.  and  varying  the  ratio  of  c  to  cL  For  example, 
the  resistances  c  and  d  may  be  the  resistances  of  different 
lengths  of  the  same  kind  of  wire,  in  which  case  we  know 
that  c  will  be  to  (2?  simply  as  the  ratio  of  these  lengths, 
whatever  be  the  absolute  resist-ince  in  ohms  of  the  two 
parts.  A  form  of  Wheatstone's  bridge,  in  whicJi  p  tq,  of 
Fig.  62,  was  one  pieoe  of  stretched  wire,  and  the  ratio  of 
c  to  d  varied  by  moving  the  connection  of  the  wire  lead- 
ing to  one  terminal  of  the  galvanometer,  was  originally 
employed  by  the  Electrical  Committee  of  the  British 
ABSociation,  and  is,  for  this  reason,  sometimes  called  the 
British  Association  bridge ;  at  other  times,  the  "  metre 
bridgSy**  from  the  stretched  wire  being  a  metre  long.  The 
wire  may  be  made  of  platinum,  or  bettor  still,  of  platinum- 
iridium,  which,  being  very  hard,  prevents  the  wire  being 
worn  at  any  part 

A  convenient  form  of  metre  bridge  is  shown  in  Fig.  63. 
It  has  three  stretched  wires  w  w,  each  a  metre  in  length, 
and  so  arranged  that  either  one  of  them  alone,  or  two  of 
them  in  series,  or  all  three  in  series,  can  be  made  use  of 
to  form  the  two  sides  c  and  d  of  the  Wheatstone's  bridge 
(Fig.  62).  When  the  plug  E  is,  as  in  the  figure,  placed  in 
the  hole  H,  the  current  simply  passes  through  the  stretcb^nl 
wire  which  is  nearest  to  the  observer.  If  on  the  other 
hand  the  plug  E  be  put  in  the  hole  h,  then,  since  the 
brass  plate  p  is  permanently  connected  with  the  plate  p 
by  a  thick  copper  strip  under  the  base  of  the  instrument^ 
the  middle  stretched  wire  is  short-circuited,  and  the  wire 
nearest  to  the  observer  is  in  series  with  the  one  farthest 
from  him.  Lastly,  if  the  plug  be  removed  altogether 
the  three  wires  are  in  series. 

The  object  of  thus  lengthening  the  wire  is  to  increase 
the  sensibility  of  the  test  when  desired,  and  a  still  fuHher 
increase  in  the  sensibility  can  be  effected  by  removing  the 
short-circuit  pieces  s,  8„  and  inserting  coiLs  of  known  re- 
sistance in  place  of  them.  For  example,  suppose  that  the 
ratio  of  the  unknown  to  the  known  resistance  be  f ,  then 
the  slide  k  must  be  placed  so  as  to  divide  the  stretched 
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Tire  into  two  parts  having  \im  ratio.     H«noe,  if  one  ot 
the  three  wires  only  be  used,  the  leogtha  of  tiie  two  porta 


which  will  give  exact  hnlance  will  be  60  and  40  centi- 
tnetrea,  and   an  error  of  1  centimetre  in  the  poeition  of 
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the  slider  will  correspond  with  an  error  in  the  deterinina- 
tion  of  the  ratio  of 


11      12 
39  "  40 

1-5 


X  100  per  cent,  or  4  per  cent 


If,  on  the  other  hand,  the  three  wires  in  series  be  enok- 
ployed,  then  the  lengths  into  which  the  three  moires  of 
wire  must  be  divided  to  obtain  exact  balance  will  be  180 
and  120  centimetres,  and  an  error  of  one  centimetre  vk 
the  position  of  the  slider  will  correspond  with  an  error  ia 
the  determination  of  the  ratio  of 

181        180 

119       120  ^  j^  percent.,  or  14  per  cent 


1-6 

If  now  two  coils,  each  haying  a  resistance  equal  to^ 
saj,  1,000  centimetres  of  the  stretched  wire  be  inserted 
in  place  of  the  short  circuit  pieces  Si  and  s^  an  error  of 
a  centimetre  in  the  position  of  the  slider  will  only  oonre- 
spond  with  an  error  of 

1381        1380 

919         920    ^  ,^_         .         niQ 

—  X  100  per  cent,  or  0*18  per  cent 


1-5 

Contact  between  the  platinum-tipped  knife-edge  i 
and  one  or  other  of  the  stretched  wires,  is  produced  hr 
depressing  the  knob  k,  which  causes  the  lever  to  whi<^ 
this  knife-edge  is  attached  to  turn  on  an  axis  a  a.  Ob 
removing  the  pressure,  the  lever  is  pressed  up  by  a  spring 
underneath  it,  and  the  slider  should  never  be  moved 
with  the  knife-edge  k  depressed,  as  this  would  scrape  the 
stretched  wire  and  alter  its  diameter.  In  order  to  enable 
k  to  make  contact  with  either  the  first,  second,  or  third 
wire,  the  knob  k  is  not  fastened  rigidly  to  the  lever,  but 
can  slide  along  it  in  a  slot^  and  can  be  so  placed' that 
the  near  end  of  the  spring  S  rests  in  either  of  the  three 


-•  f 
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grooTw  on  the  top  of  the  lever  oorreeponding  with  the 
three  positionB  of  k  when  it  is  in  oontact  with  the  three 
stretched  wires  rDspectively. 

M.  Bnperiori^  of  the  Wheatstone's  Bridge  over 
tlie  IHAreiitial  Qalvanometer,  and  Conditions  affeoting 
the  Senntilitj  of  the  Bridjse.— TAtf  WheaUione^$  bridffe 
is  superior  to  the  difirential  galvanom^er^  in  that  not 
merely  can  two  resistanoes  be  ascertained  to  be  eqnal  to 
<me  another,  bnt  the  value  of  any  resistance  in  terms  of 
anoUier  can  be  exactly  measured,  so  that  if  we  possess  one 
single  reslBtance  the  value  of  which  is  known  exactly  in 
ohms^  we  can,  without  knowing  the  resiBtanoe  of  any  other 
wire,  measure,  by  means  of  the  metre  bridge,  the  Ysloie  in 
dmis  and  fractions  of  an  ohm  of  any  unknown  resistance. 

PkacUcaQy,  however,  the  wnsibility  of  the  hrid^  is  limited  by 
the  galTanometor  not  being  aensttive  enough  to  indicate  the  nnafi 
current  that  peeees  through  it  when  the  ratio  of  a  to  ^  is  not  quite 
equal  to  that  of  0  to  <<  (Fig.  62,  page  166),  and  when  both  latioa 
are  far  from  nnity.  In  &ct  it  can  be  shown  that  th$  bridge  u  mmI 
MNtiitcw  wMfn  alt  the  four  ren§tanemf  e,  b,  c,  d^  ere  equml  to  one 
another.  If,  however,  it  is  Impossible  to  make  them  equal,  then  it 
is  desixable  to  consider  whether  the  galvanometer  or  the  battery 
{m  I  129,  page  226)  have  the  higher  resislanoe,  because  greater 
teiutiilUp  will  ie  ebkined  hff  ueing  tke  ome  that  hoe  the  higher  reeiet* 
aeee  to  comneet  the  Jtmetum  of  the  twoyreater  of  a,  ^,  0,  <<,  with  the 
pmetien  of  the  two  leeey  than  if  the  galvanometer  and  battery  bs 
joined  up  in  the  opposite  way.    For  example,  if 

a^     1  ohm 
h  =  100  ohms 
0=     4  ohms 
if  =  400  ohms, 

snd  the  resistances  ol  the  galvanometer  and  battery  be  37  ohms 
and  5  ohms  respectively,  one  terminal  of  the  galvanometer  ought 
to  be  oonnectea  with  tti«  function  of  a  and  0,  and  the  other  with 
the  junction  of  h  and  d.     (See  also  {  238,  page  467.) 

Further,  it  is  important  to  consider  whe&er  we  should  select  a 
galvanometer  wound  with  fine  wire  or  one  wound  with  thick  wire, 
ia  order  to  obtain  the  most  aoouiate  measurements  with  a  Wheat* 
stone's  inidge.  Calculation  and  experiment  show  that  if  nethimg 
but  the  gauge  of  ^wise  used  in  winding  the  liobbins  of  the  galvano* 
meter  be  varied,  that  is  to  srt,  il  the  bobbins  and  the  space  on 
them  oocupied  \/f  the  oovesed  wire  remain  the  same,  as  weli  as 
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the  strength  and  direction  of  the  controlling  field  and  the  snapen* 
Bion  of  the  galvanometeri  then  with  a  given  tceting  battery 
and  with  given  values  of  the  four  **  arma  **  of  the  bridge,  «,  b,  «,  if, 
the  gre-itest  deflection  will  be  produced  on  a  galvanometer  an 
makmg  a  definite  change  in  one  of  the  four  amUy  say  «,  if  the  wire 
wound  on  the  galvanometer  bobbin  be  such  thai  the  reaiaUnct 
of  iht  palvanometer  equals  the  produet  of  the  turn  of  the  reaistameet  of 
the  two  arme  on  one  aide  of  it  into  the  aum  of  the  reaiatancea  of  the  two 
arma  on  the  other  aide  of  it^  divided  by  the  aum  of  the  rtaiaianeea  of  the 
four  arma,  Yot  example,  if  the  galvanometer  connect  the  junction 
of  a  and  e  with  the  junction  of  b  and  d,  the  wire  used  in  winding 
the  galvanometer  bobbins  ought  to  be  selected  of  such  a  Uiickness 
that  the  galvanometer  when  wound  has  a  resistance  of 

{a-^b)  (gH-«0 
a-^b-^e-^-d  ' 

Of  course  this  does  not  mean  that  a  roughly-made  pivot  galva> 
nometer  having  this  renstance  will  give  bett^  results  than  a  delicate 
fibre-suspended  reflecting  galvanometer  with  a  much  greater  or  a 
much  less  resistance.  The  formula  can  only  be  used  on  the 
assumption  that  nothing  but  the  gauge  of  wire  employed  in  winding 
the  galvanometer  can  be  varied,     (See  §  237,  page  466.) 

99.  Oommeroial  Form  of  Wheatstone'a  Bridga — 

In  the  Wheatfitone  bridges,  as  commonly  constructed, 
the  resistances  of  all  three  branches  are  made  up  of 
coils,  the  values  of  which  are  known  in  ohms,  and  the 
apparatus  is  frequently  made  of  the  form  shown  in  Fig. 
64,  where  the  e  and  d  of  Fig.  62  are  each  replaced  by 
three  coils  of  10,  100,  and  1,000  ohms,  called  the  **  pro- 
portional coils,**  and  the  b  of  Fig.  62  is  made  up  of  tlie 
following  coils,  1,  2,  2,  5,  10,  10,  20,  50,  100,  100,  200, 
500,  1,000,  1,000,  2,000,  5,000.  With  these  latter  six- 
teen coils,  any  integral  resistance  between  1  and  10,000 
may  be  formed,  and  this  special  arrangement,  although 
not  requiring  the  least  number  of  coils  to  enable  any 
resistance  between  1  and  10,000  to  be  obtained,  is  found 
in  practice  to  be  the  most  convenient  With  this  bridge, 
then,  we  can  measure  any  resistance  between  yHt^  ^  ^t 

or  xir^^  ^^  ^^  ^^™>  ^^^  Hi^  ^  10,000,  or  one  million 
one  hundred  and  ten  thousand  ohms. 

In  Fig.  64,  the  battery  seen  at  the  left-hand  side 
lA  indicated  symbolicallj  by  three  thin  lines,  which  stand 


O^irj  CDMMKBCIAL  FORMOrWBEATBTOKE'SBRtDGS.    ITS 

fcr  the  copper  plates,  and  by  three  shorter  *nd  thicker 
ihee,  which  stand  for  the  zinc  pUtes  or  rodfi.  The  cells 
■re  noderstood  to  be  coupled  hj  the  zinc  plute,  or  rod,  of 
the  upper  cell  being  joined  to  the  copper  plate  of  the 
BccoDcf,  and  the  zino  plate  of  the  second  to  the  copper 
pLtte  of  tbe  third  ;  so  that  the  six  lines  in  Fig.  64  are  a 
symbolical  representation  of  the  hotter^  shown  in  the 
next  figure    (Fig.     65).     This  symboUcnl  rpprtwntation, 


which  is  commouly  used  to  stand  for  a  battery,  wUl  b« 
eotployed  in  the  rest  of  this  book,  and  will  be  found  still 
further  explained  in  g  135,  page  240. 

The  reaintance  coils  sold  in  boxes  are  always  made 
BO  that  the  reeiabance  trf  each  is  an  exact  nuniber  of 
ohms  or  cKrtsin  special  fraction  of  an  ohm  at  the  same 
temperature,  which  is  specified  on  the  box,  and  the 
trouble  of  adjusting  a  number  of  coils  to  fulfil  thia  con- 
dition couseB  resistance  boxes  to  be  rather  costly.  It  is 
undoubtedly  more  ctmrenient  that  the  resistance  of  each 
coil  should  be  an  exact  number  of  ohms  or  a  certain 
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special  fraotion,  bat  it  would  lie  far  cheaper  if  the  ooilB 
were  made  approximatelj  to  have  the  resistance  1,  2,  5 
ohms,  &c,  and  their  actual  resistances  in  ohms  and  frwo- 
tiona  of  an  ohm,  when  tested  at  some  one  temperatare, 
were  marked  on  the  box. 

100.  Bridge  Key. — ^In  using  a  Wheatstone's  biid^  it 
is  desirable  to  send  the  current  through  the  four  arms  of 
tho  bridge  a,  b,  e,  d  (Fig.  62),  before  it  is  allowed  to  pass 
through  the  galvanometer,  and  this  is  especiallj  impor- 
tant when  testing  the  resistance   of    the   copper  con- 
ductor of  a  long  submarine  cable,  since  the  current  in  such 
a  case  takes  an  appreciable  time  to  reach  its  maximum 
value  and  become  steady,  due  to  the  cable  acting  as  a 
^^conderuer"  (see  §  162,  page  301).    Hence,  if  the  galva- 
nometer circuit  were  completed  when  the  batteiy  was 
attached  to  the  bridge,  an  instantaneous  swing  of  the 
galvanometer  would  be  produced,  even  if  a  bore  to  b  the 
ratio  of  e  to  d.      And  although,  since  the  ratio  of  re- 
sistances having  been  effected,  the  deflection  of  the  galva- 
nometer would  become  nought  as  soon  as  the  current  in 
the  four  branches  of  the  bridge  became  steady,  great 
delay  in  the  testing  would  be  caused  by  this  first  swing 
of   the  needla     A  similar  difficulty  would    occur  in 
measuring  the  resistance  of  an  electromagnet  or  even  of 
any  coil  without  an  iron  core,  if  it  were  not  wound  doubly 
as  are  the  coils  in  resistance  boxes  (aee  Fig.  7,  page  28) ; 
because  whenever  a  coil  is  so  wound  that  a  current  pass- 
ing through  it  produces  magnetic  action,  a  short  interval 
of  time  has  to  elapse,  after  putting  on  the  batteiy,  before 
the  cun'ont  reaches  its  maximum,  or  steady,  value,  arising 
from  what  is  called  the  ''  9e^'4nduction  "  of  the  coil. 

A  key  for  sending  the  current  through  the  lour 
arms  of  the  bridge  before  it  is  allowed  to  pass  through 
the  galvanometer,  is  shown  at  k  (Fig.  65),  and  is  a 
modification  of  the  one  originally  employed  by  the  Meo- 
trical  Committee  of  the  British  Association.  On  press* 
ing  down  the  button,  contact  is  first  made  between  the 
flexible  piece  of  brass  a  and  the  flexible  piece  of  brass  & 


r 
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Thw  completes  the  battery  drcoit,  and  cmwb  the  cur- 
rent to  flow  throug'h  the  four  arms  of  the  bridge  shown 
sjrmbolicaUy  in  Fig.  65  by  the  spiral  line^  On  the 
botton  being  still  further  prewed  down,  b  is  teought 
into  oMitact  with  a.  little  knob  of  ebonite  ■  on  the  top 
(rf  the  flexible  |Mece  of  bnus  c     This  does  not  complete 


any  otlier  ^ectric  circuit ;  but  on  the  button  being  etili 
further  depreased,  o  is  brought  into  contact  with  v,  and 
the  galranooieter  circuit  ie  completed. 

This  form  of  key  is  to  be  preferred  to  the  ordinary 
tvidge  key,  beoiiue  nil  the  connections  are  above  tlic 
bttse  of  thB  key  and  in  sig^t,  whereas  when  the  connec- 
tiona  are  made  under  the  base,  it  frequently  happens 
that  the  pieoee  of  guttapereba-covered  wire  used  to 
make  the  connections  are  either  badly  insulated,  or  ore 
loosely  connected  at  their  ends  with  the  terminak  of  the 
key,  and  so  introduce  onnecessaiy  reeistanoe. 
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101.  Use  of  a  Shunt  with  the  Bridge — It  is  desirahie 
to  employ  also  another  key  k  (Fig.  65),  which  may 
be  quite  simply  made  of  a  twisted  bit  of  hard  brass  wire, 
bent  so  as  to  press  up  against  a  sort  of  bridge  of  hard 
brass  wire,  since  the  resistance  at  the  contact  is  in  tliis 
case  of  no  consequence.  When  the  key  is  not  depressed, 
a  portion  of  the  current  is  shunted  past  the  galyanometer 
through  any  convenient  shunt  «,  the  resistance  of  which 
need  not  be  known,  as  it  does  not  enter  into  the  calcula- 
tiona  The  object  of  this  shunt  is  merely  to  diminish  the 
sensibility  of  the  galvanometer  when  tbe  first  approxi- 
mation is  being  made  to  the  value  of  the  unknown  re- 
sistance. As  soon  as  this  has  been  done  the  key  k  should 
he  depressed,  and  all  the  current  in  the  galvanometer 
circuit  arising  from  want  of  perfect  balance  allowed  to 
pass  through  the  galvanometer  itself,  and  the  resistances 
adjusted  until  perfect  balance  is  obtained.  Another  de- 
vice to  expedite  the  testing,  and  also  to  prevent  power- 
ful currents  being  sent  through  the  galvanometer,  consists 
in  not  holding  the  key  k  down  when  tlic  first  lOugh 
approximation  is  being  made,  but  niei-ely  giving  it  a  tap, 
which  has  the  effect,  when  the  balance  is  far  from 
perfect,  of  giving  the  needle  of  the  galvanometer  a  slight 
impulse  to  one  side  or  the  other,  according  as  the  ratio 
of  a  to  6  is  larger  or  smaller  than  that  of  c  to  ci,  instead 
of  causing  the  needle  to  violently  swing  against  the  stops 
on  one  side  or  the  other  as  it  would  do  if  the  key  k  were 
held  down  before  balance  was  arrived  at. 

102.  Meaning  of  the  Deflection  on  a  Bridge  OiJva- 

nometer. — A  considerable  amount  of  time  will  be  saved 
in  testing  if  the  meaning  of  a  deflection  of  the  galvano- 
meter needle,  say  to  the  right,  be  once  for  all  definitely 
ascertained,  and  a  note  be  made  whether  it  means  that  tho 
ratio  of  a  to  6  is  too  large  or  too  smalL  The  simplest 
way  of  recording  this,  if  we  assume,  for  example,  a  to 
be  the  unknown  resistance,  is  to  put  the  wonls  '*tn- 
ore<ise  b  "  and  '*  diminiati  h  ^  one  on  each  side  of  the  gal- 
vanometer, these  being  the  directions  to  lie   followed 
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acoor£ng  as  the  needle  deflects  towards  one  or  otiier  of 
them.  The  position  of  these  two  directions  must,  of 
coarse,  be  reversed  if  the  terminals  of  the  testing  battery 
be  rereised. 

Shuhts. 

lOS.  Shojits. — We  have  already  seen,  for  example,  ni 
the  apparatus  shown  in  Fig.  17,  page  59,  and  again  when 
using  a  Wheatstone's  bridge  (§  101,  page  176),  that  it  is 
sometimes  convenient  to  use  a  wire  as  a  by-path  or  shunt 
to  convey  a  portion  of  the  current,  the  remainder  only 
passing  Uirough  the  galvanometer.  We  will  now  consider 
what  must  be  the  relative  resistances  of  the  shunt  and 
galvanometer  to  allow  any  particular  fraction  of  the  whole 
current  to  pass  through  the  galvanometer.     Let  «,  ^  be 
the  resistances  in  ohms  of  the  shunt  and  galvanometer, 
and  S,  G  the  currents  in  amperes  passing  through  tliem 
respectivelj ;  then,  if  V  be  the  potential  difference  in  volts 
at  the  teiminala  of  the  shunt  and  galvanometer^  it  fol- 
lows from  Ohm's  law  (§  74,  page  130)  that 

< 

„      V 
G  =  — » 
9 

0_$ 

or  the  current  strengths  in  the  galvanometer  and  shunt 
are  inversely  as  their  resistances. 

Also,  by  a  well-known  rule  in  proportion,  it  follows 

that 

Q  9 

8  +  G  ■"  •  +  ^* 

and  _S £_  ^ 

S  +  G^'  +  S'* 
but  S  +  G  is  the  sum  of  the  currents  flowing  through  the 
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■hiuit  and  the  galvaaoometer  respectivelj,  and  tiierefore  is 
equal  to  the  whole  correiit  in  the  circuity  A  amperes  say, 
henoe 

G^ $_ 

and  S  ff 


A      •  +  y 

104.  Multiplying  Power  of  a  Shunt — 
Since  A  =  l+?xG. 

9 

the  fraction is  frequently  caUed  the  "  muUipfying 

pavmr  of  the  shunt"  that  is,  the  quantity  that  the  cur- 
rent flowing  through  the  galvanometer  must  he  multiplied 
by  to  obtain  the  total  current. 

As  an  example  of  the  last  equation,  let  us  suppose 
that  we  desire  that  Q  shaU  be  one-tenth  of  A,  then 


e 

1 

^  +  9 
or  9 

=  10' 

1 

or,  again,  if  we  wish  that  G  shall  be  one-thousandth  of  A, 

then 

_9 1^ 

•  +  ^"1000* 

1 

or  •  =  7:7:7.9' 

105.  Combined  Resistance. — It  would  be,  of  course, 
possible  to  substitute  for  the  two  resistances  $  and  y, 
which  are  in  parallel,  a  single  wire  of  resistance  x  such 
that  /or  the  tame  potential  diference,  Y,  at  its  ierminaiSf 
the  current  flowing  throu^  it  should  be  equal  to  the  sum 
cf  the  currents  flowing  through  the  two  i^arallel  circuits 


To  find  X  we  have 

V 

the  carrent  that  would  flow  thioiig^  it  =  —  t 

▼ 

the  current  flowing  throagh  $     •     .     =:  — » 

.       V      V       V 

•  ••    anoe  —  =  —  +  —  > 
X       $        g 

X  =s : —  > 

or  if  two  wires  be  in  parallel,  then  the  product  of  their 
resiatances  divided  by  their  sum  represents  the  resistance 
of  a  single  wire  through  which  a  current  will  pass,  equal 
to  the  sum  of  the  currents  passing  through  the  two  wires, 
for  the  9ame  potential  dif&rence.  Such  a  single  resistanoe 
is  called  the  ^^eonMned  resistances*^  or  the  "parallei 
resietance"  of  the  twa 

From  what  has  preceded  we  see  that  when  G  is  a 
tenth  of  A, 

eg  1 

•  -h^-10^' 

or  the  combined  resistance  of  the  shunt  and  galvanometer 
is  one-tenth  of  the  resistance  of  the  galvanometer. 

In  the  same  waj,  if  there  be  any  number  of  resistances 
ajh^Cjd^  &c.,  in  parallel,  and  a;  be  a  single  resistance, 
such  that  with  the  eame  patenHal  difference  at  its  termi- 
nals the  current  that  will  flow  through  x  is  equal  to  the 
sum  of  the  currents  that  flow  through  all  the  resistances 
a,  6,  e,  ((  &c,,  the  combined  reeietance 
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If  Ay  B,  0,  D,  Ac,  be  the  cairents  flowing  throng 
the  variooB  circuits,  and  X  be  the  total  oorront^  thea 


A 

a 

X 
B 

M 

-1- 

1 

1 

3 

+  te 

X  "" 

hi 

n'- 

1 

d 

+  &c 

Ae. 

Example  38. — What  must  be  the  resistance  of  a  shunt 
■0  that  I-  of  the  whole  current  shall  pass  through  a  galy»- 
nometer  having  452  ohms'  resistance! 

Here  •     _  4 

•  +  ^  ""  5' 
,•.  «  =  4  g. 

Anaioer, — 1,808  ohm& 

Epoample  39. — ^If  the  resistance  of  a  shunt  be  1  ohm, 
and  that  of  the  galvanometer  2  ohms,  what  fraction  of  the 
total  current  passes  through  the  galvanometer  and  what 
through  the  shunt  f 

We  have      —  = , 

A      9-^9 

therefore,  substituting  the  values  given, 

G_l 

A^y 

Annoer, — One-third  of  the  current  passes  through  the 
galvanometer,  and  two-thirds  through  the  shunt. 

Example  40. — If  a  galvanometer  have  1,980  ohms' 
resistance,  and  a  shunt  be  attached  so  that  the  current 
passing  through  the  galvanometer  is  only  xvv^  ^  ^ 
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total  CQRBnt^  what  will  be  the  resistanoe  of  the  shmit^ 
and  by  how  many  ohms  wiU  the  reBistanoe  of  the  dreait 
be  dimimahed  by  employing  the  ahuntf 


•  +  P  ""  100* 


or,  in  this  caaOj  =  20  ohmi; 

and  —. — =s  19'8  ohms; 
9  -t  g 

.  -.  the  diminution  of  the  redstanoe  of  the  eircnit  pro* 
duced  by  applying  the  shunt  ib  1,980  -  19*8,  or  1,960*2 
ohm& 

106.  Construction  of  a  Shunt  Box. — ^The  three  coils, 
having  respectively  the  -|th,  77th,  and  777th  of  the  re- 
sistance of  the  galvanometer,  are  usually  inserted  in  a 
small  box  h  (Fig.  66),  which  accompanies  the  galvanometer. 
The  terminals  61  the  galvanometer,  as  well  as  the  two  wires 
which  connect  the  ^j^vanometer  with  the  rest  of  the  cir- 
cuity are  joined  to  the  binding  screws  s  s  on  the  shunt 
box,  and  each  of  the  three  shunt  cnls  has  one  of  its  ends 
connected  with  the  brass  pieee  c^  while  the  other  ends 
ave  oomieetod  iesfwuetifely  with  tlw  biiiss  pieces  D,  s,  and 
F.  Hf  thsBy  tlie  bsBss  plug  1^  be  iussited  in  tlie  hole  be> 
twem  the  brass  bar  ab  sail  the  biiiss  pieee  c;  all  the 
current  will  pass  from  ▲  B  to  c^  through  the  plug,  and 
none  throng  the  galvanometer,  since  the  resistance  of 
A  B  to  o  throu^  the  plug  is  extremely  small  compared 
with  that  through  the  galvanometer.  If,  on  the  other 
hand,  the  plug  be  inserted  in  the  hole  between  a  b  and  d, 
as  in  the  figure,  the  current  will  pass  from  ab  to  d 
thxough  the  plug,  and  from  d  to  o  through  the  coil  in 
the  shunt  box,  which  connects  with  a  And  as  this  coil 
has  ith  of  the  resLstance  of  the  galvanometer,  -^th  of  the 
total  currant  will  pass  through  the  galvanometer.     Simi- 
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tai'ly,  if  the  \ilag  be  inserted  in  the  hole  between  a  b  and 
B,  or  A  B  and  F,  y^th  or-riAiDth  of  the  whole  current  wilt 
paaa  through  the  galvanometer. 

In  order  to  obtiun  very  good   "  fur/oce  mtulatkm  " 
(m0  g  1 40,  pA^  267),  the  brass  pieces  a,  b,  o,  d,  e,  and  v  are^ 


in  the  particular  shunt  box  shown  in  the  figure,  mounted 
on  ebonite  pilkra  P,  P,  P,  P,  and  to  avoid  the  insertion  of  the 
plug  into  one  or  other  of  the  holes  imshing  these  |ti11ars 
outwards,  and  so  preventing  the  plug  making  firm  contact 
with  the  pieces  of  braes  on  each  side  of  it,  there  is  a 
spring  cap  e  c,  sliding  on  the  plug,  which  passes  over  the 
two  vertuxd  [ans  on  each  side  of  the  hol^  and  so  holdv 
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the  fanoB  pieoes  togetlier  against  the  wedging  action 
whidt  tends  to  force  them  asunder  when  the  plug  ispresaed 
in.  The  plug  has  a  long  ebonite  handle  i,  which  should 
be  held  by  the  flat  part  at  the  end  to  prevent  leakage 
taking  place  along  the  surface  of  the  handle  and  through 
the  body  of  the  experimenter  to  the  ground. 

107.  Inerease  of  the  Total  Cnrrent  piodnoed  bj  the 
Employment  of  a  Bhnnt — ^The  Use  of  Shunts  with  a 
Bifbrential  Qalfaaometar. — ^The  insertion  of  a  shunt 

diminishes  the  resistance  of  the  circuit  from  a  to  — r^  • 

In  some  cases  this  produces  practically  no  effect  on  the 
total  current,  so  that  the  current  flowing  through  the 

galvanometer  will  be  —7^ —  of  the  current  that  tmu  flow- 
ing through  it  b^ore  the  imertian  of  the  shunt.  But  in 
other  cases  this  variation  of  the  resistance  in  circuit  ma- 
terially affects  the  total  current,  so  that^  although  G  is 

always  — — —  of  the  total  current,  this  total  current  may 

be  so  increased  by  the  diminution  of  the  total  resist- 

g 

ance  that  the  fraction  — ; —  of  the  new  total  current  is 

9  -t  ff 

practically  as  laige  as  the  previous  total  current,  or,  in 
other  woztls,  shunting  the  galvanometer  may  produce  prac- 
tically no  diminution  in  tilie  current  passing  through  it. 

Tliis  effect  produced  on  applying  a  shunt,  which 
is  often  entirely  overlooked  by  beginners,  may  be  ex- 
perimentally investigated  with  the  apparatus  shown  in 
Fig.  67.  B  is  a  battery  consisting  of  six  cells  fitted  with 
terminal  binding  screws^  so  that  one,  two,  or  any  number 
of  cells  up  to  six  can  be  used ;  m  is  a  galvanometer  of 
very  small  resistance^  and  B^,  b^  B3,  B4,  resistance  coils 
in  the  main  circuit,  o  is  a  galvanometer  of  some  500 
ohms'  resistance,  also  in  the  main  circuity  but  fitted  with 
a  shunt  &  Any  one  of  the  coils,  Bj,  b^  b^  or  b^,  can  be 
eat  out  of  circuit  by  turning  the  handle  h  so  that  a  small 


184  PHACTICAI,   XLBCTSICITT.  [Oup.  IV. 

bridge-piece  b  of  flexible  brass  makes  contact  between  two 
metalUc  buttons  it  k,  which  are  attached  reepectiTely 
to  the  two  ends  of  the  coil.*  The  resistanoe  in  tJie  ahnnt  s 
can  be  varied  either  bj  taking  out  or  inserting  the  i^ngs 
in  ite  base  in  the  uaiial  wa^,  or  by  turning  the  handle 
which  varies  the  Feeiatanoe  in  a  way  to  be  e:splftined  a 
little  farther  on.  Then  it  is  found  tha,t  if  the  radstiuioe 
in  the  main  circoit  is  fairly  lai'ge,  aaj  1,000  cduns,  alter- 
ing the  resistance  of  s  altera  the  deflection  of  o,  but  does 


not  sensibly  alter  that  of  h  ;  while,  on  the  odier  band,  if 
the  resistance  in  the  main  circuit  is  small,  that  ia,  if  the 
four  bridge  pieces  at  the  tops  of  the  four  coils  are  turned 
so  as  to  short-circoit  all  the  four  coik,  then  the  value  of 
8  may  be  altered  within  wide  limits  without  altering  the 
value  of  the  deflection  of  a,  but  the  deflection  of  m  will 
be  large  when  the  resistance  in  s  is  small,  and  small  when 
the  reeistance  in  s  ia  large.  It  is  necessary  to  be  able  to 
vary  the  number  of  cells  from  one  to  six  in  order  tiiat 


plinedbf  tl 
renitanoe  oc 
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in  «11  the  experimentSy  each  made  with  a  particalar  value 
of  the  redfltanoe  in  the  main  ciiociit^  and  for  a  series  of 
values  of  the  shnnt^  the  largest  deflection  of  o,  which  is 
obtaiiied  when  the  galvanometer  is  muahnnted,  maj  be 
about  the  same. 

We  have  merel j  referred  to  the  two  extreme  cases, 
a  veiy  laige  and  a  very  small  resistance  respectively  in 
the  main  circmt ;  bat  readings  should  be  *taken  of  the 
deflection  of  o  for  a  series  of  values  of  the  resistance  of 
the  shunt^  with  each  of  several  values  of  the  resistance  in 
tiie  main  circuit ;  and  a  series  of  curves  should  be  drawn 
connecting  deflections  of  o  with  values  of  s,  each  curve 
for  a  different  resistance  in  the  main  circuit. 

The  mathematical  working  out  of  this  experiment, 
together  with  the  consideration  of  the  construction  of 
"con&iaaU  toitd  cunwU  tkunts/'  will  be  found  farther  on 
{§  137,  page  253). 

We  have  seen  (§  87,  page  149)  that  if  the  two  coik  o 
and  if  (Fig.  59)  c^  the  differential  galvanoiaeter  have 
equal  resistanees,  tad  i^  in  addition,  they  be  so  aiiyusted 
relati-vely  to  the  needle  that  no  deflection  is  produced 
when  equal  currents  flow  round  the  coils,  no  d^ection  will 
be  produced  when  a  and  b  have  equal  resistances,  and  a 
difference  of  potentials  is  set  up  between  p  and  q  by  any 
convenient  cuirent  generator.  If,  now,  one  of  the  coils, 
say  c,  be  shunted  with  a  shunt,  having,  say,  one-ninth  of 
the  resistance  of  c,  then  the  parallel  resistance  of  o  and 
its  shunt  will  be  one-tenth  of  the  resistance  of  o  alone. 
Therefore  if  the  resistance  of  A  be  also  diminished  to  one- 
tenth  of  what  it  was,  the  total  resutance  of  the  branch 
p  A  o  Q  will  become  one-tenth  of  what  it  previously  was, 
hence  ten  times  as  much  current  will  pass  through  a  and 
through  B,  but  of  this  larger  current  only  one-tenth  part 
will  pass  round  the  coil  c,  and,  consequently,  there  wiU 
still  be  no  deflection  of  the  needle.  We  can  generally 
conclude  that  if  one  coil,  0,  having  a  resistance  g  ohms,  of 
a  differential  galvanometer  be  shunted  with  a  shunt  of  # 
ohms,  no  deflection  will  be  produced  when 
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rarirtanoeofA         • 
reaUtenoe  of  B  ^  •  +  ^' 

If,  ther^orOy  we  have  a  box  of  remstanoe  omla,  the 
resistance  of  which  can  be  Taried  from,  8aj»  1  to  -10,000 
ohms,  we  can,  by  the  addition  of  a  tenth  shunt  to  one  of 
the  coils  of  a  differential  galvanometer,  measmre  resist- 
ances varying  between  0*1  and  100,000  ohms. 

10&  Sliding  Besiatance  Bozea. — The  resistance  box 
8  (Fig.  67)  is  different  from  any  of  the  forma  used  in 
the  previous  experiments.  Fig.  68  shows  this  resistance 
box  in  plan,  and  from  tiiat  it  wiH  be  seen  that  there 
are  two  ways  of  altering  the  resistance,  the  one  by 
inserting  plugs  into  the  holes  between  p  and  Q,  or 
by  removing  these  plugs  in  the  manner  previously  de- 
scribed, the  other  by  turning  one,  or  both,  of  the  slid- 
ing handles  h  h.  Turning  these  handles  can  be  effected 
without  looking  at  the  box,  and  hence  sudb  sliding 
resistance  boxes  are  commonly  employed  for  ^^d^tplax 
teUgraiphy^**  or  tihe  sending  of  two  messages  simultar 
neously,  in  opposite  directions,  along  one  telegraph  wire, 
in  connection  with  which  the  signaller  requires  to  vary 
the  resistance  without  having  to  take  his  attention  off 
the  message  he  is  sending  or  receiving. 

Between  each  pair  of  adjacent  studs  ^ly  fg,  ^  ^»  in 
one  half  of  the  box  are  coils,  each  having  the  value  of  40 
ohms,  while  between  each  pair  of  adjacent  studs  8^,  s^  83, 
ifec,  in  the  other  half  of  the  box  are  coils,  each  having  the 
value  of  400  ohms.  Hence,  with  the  arms  in  the  positions 
shown  in  the  figure,  the  current  entering  at  the  binding 
screw  T  has  first  to  pass  through  as  many  of  the  coils 
between  p  and  Q  as  are  unplugged,  next  through  eight 
coik,  each  of  40  ohms,  then  from  the  arm  h  to  the  arm  a, 
and  lastly  through  five  coils,  each  of  400  ohms,  and  out 
by  the  terminal  t.  In  addition,  therefore,  to  any  re- 
sistance tiiat  may  be  unplugged  between  p  and  Q,  there  is 
a  resistance  of  2,320  ohms  in  circuit 

Resistance    boxes    with    sliding    arma   are    much 
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cheaper  to  conatniot  tliui  ping  resistKiice  boxes,  aa  the 
labour  and  ezpenne  of  grinding  the  plugs  into  tb«  coni- 
cal holes  is  aared.  As,  however,  it  is  very  difficult  to 
avoid  an  nttlcnown  small  resistance  being  introduced  at 


rig.  w. 

the  contact  of  a  stud  and  the  revolving  arm,  well-made 
plug  Teedatonoe  boxes  are  far  better  for  accQrat«  work. 

109-  KeMoriBg  a  Seuitasee  durin;  the  Pum^ 
of  a  Strong  Cnrrent. — In  cases  where  a  conductor  is 
wanned  by  the  passage  of  a  strong  current,  and  no  has 
its  resiatance  altered,  it  is  not  sufficient  to  know  what 
the  rcostamce  of  the  conductor  was  when  cold,  but  we 
most  know  what  it  is  toftiie  the  evrrent  u  pauintf  through 
it,    Hub  cnnnotf  oi  ooune^  be  done  with  a  Wheataton«^ 
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bridge  or  r  differential  galvanometer,  but  an  approxi- 
mation  to  the  true  reaiBtance  con,  in  some  cagea,  be  made 
by  stopping  the  current  that  was  passing  through  die 
conductor,  and  ^leu  measuring,  at  quickly  a*  poMtbU,  it« 
reaistanoe  with  a  Wheatstone's  bridge  or  differential 
galvanometer  in  the  ordinary  way  (see  §  97,  page  167). 
This,  at  the  best,  can  give  but  an  approximation,  and 
when  the  conductor  oools  very  rapidly  on  the  stoppage 
of  the  current,  as,  for  example,  in  the  case  of  the  fiU- 
ment  of  an  incandescent  hunp,  the  result  so  obtained 
would  differ  very  seriougly  from  the  true  value.  Further, 
this  method  oould  not  be  employed  at  all  when  it  is 
desired,    for  example,  to  measure  the  resistance  of  an 


"^eetrie  are,"  that  is,  the  intensely  heated  space  between 
the  carbon  points  in  an  "  are  lamp,"  because  the  an 
ceases  to  exist  immediat«ly  the  current  produdug  it  is 
AoppeA. 

In  such  a  ease,  the  following  method  must  be  on- 
ployed.  By  means  of  an  electrometer,  or  a  voltmeter 
y  (Fig.  69),  measure  the  potential  difference,  in  vc^ts, 
at  the  ends  of  the  conductor  e,  whose  reaJstance  we  denrs 
to  know,  and  simultaneously  measure  with  an  antmetw 
the  current  A,  in  amperes,  passing  throng  the  gchi- 
duotor;  then,  ^  o  be  the  nnknown  resistance  of  e  in 
ohms,  we  have,  from  the  definition  of  remstance. 


This  method  can,  of  course,  be  employed  in  all  cases, 
but  is  especially  osefal  when  a  conductor  has  a  fairly 
strong  current  paadng  through  it,  and  we  desire  to 


measure  the  reeLrtaoce  of  the  otHtduotor  while  this  Btroag 
corrent  is  paming  through. 

If  the  imtnuneiit  lued  to  measure  the  potential 
difference  be  an  electrometer,  Uiroogh  vhioh  no  camnt 
passes,  the  defleotioa  of  the  ammeter  will  measure  the 
true  current  passing  through  the  conductor  only ;  bot,  on 
the  other  hMtd,  if  a  voltmeter  be  employed,  through 
which  some  current  passes,  then  it  must  not  be  forgotten 
that  the  current  passing  through  the  ammeter  is  the 
sum  of  the  currents  passing  throtigh  the  conductor  c  and 
tiie  Toltmeter.  As  a  rule,  this  will  not  introduce  any 
serious  practical  error,  as  the  resistance  of  the  Toltmetw 
being  very  large  compared  with  that  of  c,  the  ourrmt 


panning  through  tlie  voltmeter  is  very  small  compared 
with  tbat  passing  through  c.  If,  however,  this  be  not 
quite  the  case,  on  account  of  the  resistance  of  e  being 
lai^e,  then  the  current  pa.ving  through  the  voltmeter 
must  be  subtracted  from  that  measured  by  the  deflec- 
tion of  the  ammeter  to  obtain  the  value  of  A  in  the 
above  fonuiJa.  Or,  more  simply,  interrupt  the  volt- 
meter circait  and  now  observe  the  ammeter  reading. 

If,  however,  the  reeistaoce  of  e  be  large,  the  making 
ahd  breaking  of  the  voltmeber  shunt  circuit  may  very 
possibly  alter  not  merely  the  current  passing  through 
the  ammeter,  but  even  tluit  passing  through  c,  so  that  the 
reading  given  by  the  ammeter  when  tfie  voltmeter  shunt 
circait  is  broken,  although  Indicating  quite  accurately 
the  current  then  passing  through  c,  wonld  not  give  the 
amonnt  that  vku  passing  through  e  when  the  voltmeter 
reading  was  taken.  Therefore,  from  these  two  obeerva- 
9  of  0  oonld  not  be  acctmtely  deter- 
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mined,  onlees  tile  ^eostance  of  ihe  voltmeter  were  knotan, 
tad  the  current  paaaing  through  it  cAlcol&ted  and  allowed 
for.  Id  auoh'a  case  it  is  better  to  make  the  voltmeter 
a  shunt  te  both  the  ammerter  and  e,  as  Bhown  in  Fig.  70 ; 
tor,  with  Ihia  armngement,  the  resiBtance  of  c,  plus  that 
of  the  ammeter,  will  be  oorrectly  found,  Hud  if  the  re- 
aistanoe  of  the  ammeter  be  eitlier  email  compared  with 
that  of  e,  or  if  it  be  correctly  known,  then  the  rCsistanoe 
of  e  can  also  be  found  by  a  simple  mbtractaon. 

The  determination  of  the  resistance  of  a  battoy  by 
means  of  simultaneous  readinga  on  an  ammeter  and 
voltmeter  will  be  found  described  in  §  1 1 6,  page  205. 

110.  Ohmmeter.— The    neceasity   of  observing  two 


uutnimenta'at  the  same  time  is  a  disadvantage  in  the 
employment  of  the  method  of  testing  just  described,  and 
hence  the  following  instrument,  called  an  "  ohmmeter," 
was  devised  by  the  author  for  measuring,  by  a  single 
observation,  the  resistance  of  any  part  of  a  circuit  through 
which  a  strong  current  is  passing.  The  ohmmeter  con- 
tains two  coils  acting  on  the  same  soft  iron  needle  ;  one 
of  these  coils,  cc  (Fig.  71),  attached  to  the  terminalsTT 
(Fig.  72),  is  made  of  a  short  piece  of  thick  'Tire,  and  is 
placed  in  seriee  with  the  reustence  o  to  be  measup^  ; 
while  the  other,  e  e  (Fig^  71),  attached  to  the  terminals 
tt  (Fig.  72),  is  composed  of  very  fine  wire,  and  is  put 
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as  a  shunt  to  the  unknown  resistances  Henoe  the  main 
current  A  produces  its  effect  by  means  of  the  thick  wire 
coil,  and  the  difference  of  potentials  Y  at  the  terminals 
of  the  unknown  resistance  by  means  of  the  fine  wire 
coil ;  these  coils  are  placed  at  right  angles  to  one  another, 
and  in  consequence  of  this,  it  may  be  shown  that  the  action 
on  the  needle  is  due  to  the  ratio  of  Y  to  A,  that  is,  to 
the  value  of  a     When  no  current  is  passing  through 


Pig.  72. 

either  coil  the  needle  will  rest  in  any  position,  but  on 
sending  a  current  through  the  thick  coil  alone  the 
pointer  at  once  moves  to  nought.  And  by  properly  pro- 
portioning the  shapes  of  the  coils,  and  by  winding  the 
wire  on  them  in  a  definite  way,  it  is  possible  to  make 
the  angular  deflection  of  the  needle  from  the  zero 
position  directly  proportional  to  the  resistance  o.  The 
thick  wire  coil  may  be  always  kept  in  the  main  cir- 
cuit, or  in  any  branch  circuit,  then  on  attaching  the 
terminals  it  to  any  two  points  on  the  same  circuit  by 
means  of  wires  the  needle  will  at  once  move  to  a 
number  on  the  dial,  which  will  indicate  the  resistance 
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in  ohms  at  the  time  in  question  of  that  part  of  tiie 
oircoit  between  the  two  points. 

On  aooount  of  the  alteration  of  resistance  hj  heating, 
it  is  very  difficulty  unless  veiy  thick  Crerman  silver  wire  is 
employed,  to  construct  resistance  coils  for  use  with  strong 
currents,  so  that  the  resistance  shall  not  be  changed  by 
the  passage  of  the  carrents.  But  the  use  of  an  ohm- 
meter  permits  the  employment  of  an  iron  wire,  or  even 
of  a  bit  of  wet  rope,  as  a  temporary  resistance  for  ex- 
perimental purposes,  tiie  resistance  of  the  iron  wire  or 
of  the  wet  rope  being  determined  with  the  ohmmeter  at 
the  moment  the  experiment  is  being  made. 

Hkat  Gbnesatkd  akd  Work  Done  bt  an  Eleotrio 

Current. 

111.  Amount  of  Heat  Oenerated  by  an  Eleotrio 

Current. — ^When  considering  the  effects  produced  by  a 
current  earlier  in  the  book,  we  saw  that  the  rise  of 
temperature  of  the  calorimeter  in  a  given  time  was  not 
proportional  to  the  current  strengUL  We  will  now 
examine  this  more  fully,  and  for  doing  this  the 
apparatus  shown  in  Fig.  73  may  be  conveniently 
employed.  It  consists  of  a  coil  of  German  silver  wire 
dipping  into  a  small  metal  vessel  of  paraffin  oil,  the 
temperature  of  which  can  be  observed  by  means  of  a 
delicately  graduated  thermometer  t,  the  bulb  of  which 
dips  into  Uie  oiL  t  is  supported  by  an  indiarubber 
stopper,  through  which  it  passes,  and  which  itself  fits 
into  a  small  wooden  cap,  seen  in  the  figure,  which 
forms  the  top  of  the  vessel  containing  the  paraffin 
oiL  This  little  vessel  is  supported  in  ^e  middle  of  a 
veiy  much  larger  metal  vessel,  seen  in  the  figure, 
made  with  double  sides,  double  top,  and  double  bottom, 
the  space  between  the  two  being  filled  with  water.  This 
water  jacket,  as  it  is  called,  is  for  the  purpose  of  pre- 
venting heat  passing  from  the  body  of  the  experimenter, 
or  from  any  adjacent  lamp,  into  the  paraffin  oil,  which 
would  interfere  with  the  experiment|  seeing  that  our 


ff 
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object  is  to  measure  the  best  produced  in  the  veesel  of 
paraffin  oil  solely  by  the. current  pnning  throngfa  the 
ooil  of  German  ntver  wire  immened  in  it.  It  might,  at 
first  sight,  appear  that  the  simplest  plan  of  avoiding  this, 
aa  well  as  of  avoiding  the  loss  of  heat  from  the  vesael 


of  paraffin  oil,  would  be  to  Hurronnd  it  by  a  sort  of  coac 
ot  cotton-wool  or  of  far.  A»,  hmnever,  it  is  impossible  to 
make  such  a  coat  which  sltaS  prevent  ail  hu  of  heat, 
there  being  no  intulators  for  heat  {see  §  93,  page  159),  and 
aa  thi»  lost,  although  small,  would  be  vagv«  in  amount,  it 
is  better  to  allow  a  greater  logs  provided  t/iat  tlie  loss  is 
Imoion  in  amouni ;  this  result  is  obtained  bj  using  a 
wat«r  jacket,  and  by  maintaining  this  water  jaoket  at 
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oonstant  temperature,  which  can  be  tested  bj  means  of 
the  thermometer  t'  dipping  into  the  water  of  the  jacket 
The  two  wires  to  the  left  side  of  the  figure  go  to  the 
current  generator,  which,  on  pressing  down  the  key, 
sends  a  current  through  the  coil  of  wire  in  the  calori- 
meter, the  galvanometer,  and  a  longer  or  shorter 
portion  of  the  stretched  wire  sliown  at  s  in  the  figure: 
The  length  of  this  stretched  wire  put  in  the  circuit  can 
be  regulated  hy  a  loose  flexible  wire,  not  shown  in  the 
figure,  which  is  attached  at  one  end  to  tiie  free  binding 
screw  of  the  galvanometer,  and  at  the  other  end  to  one 
of  the  binding  screws  8. 

It  will  be  seen  that  in  the  experiments  shown  in 
Figs.  6,  15,  and  73,  the  current  strength  is  varied  by 
insei*ting  a  shorter  or  a  longer  length  of  wire  in  the 
circuit,  whereas  in  the  experiments  shown  in  Figs.  17 
and  20  the  same  result  is  much  more  simply  attained 
by  altering  the  distance  between  two  zinc  plates,  or 
rods,  dipping  into  a  small  quantity  of  a  saturated  solu- 
tion of  zinc  sulphate.  The  reason  of  this  is  that  in  the 
first  and  third  experiments  the  current  must  be  kept 
quite  eonttafU  for  a  minute  or  so  while  the  gas  is 
being  steadily  generated  in  the  first  case,  and  the  heat  is 
being  generated  in  the  calorimeter  in  the  third,  where- 
as in  the  last  two  experiments  it  is  only  necessary 
to  keep  the  current  constant  just  long  enough  to  tike 
a  reading  of  the  galvanometers.  Now  it  would  be 
somewhat  difficult  to  maintain  a  current  quite  constant 
for  some  little  while  by  means  of  plates  dipping  into 
liquid,  unless  some  plan  of  fixing  the  plates  in  any  par- 
ticular position  wwe  employed ;  and  even  then,  as  will 
be  seen  later  on,  a  liquid  resistance  would  not  be  as 
constant  in  value  as  that  produced  by  a  given  length 
of  wire.  Hence  the  latter  plan  should  always  be 
adopted  when  it  is  necessary  to  maintain  the  current 
constant  for  any  length  of  time. 

In  Fig.  73,  M  is  a  controlling  magnet^  and,  aa 
already  explained,  if  m  be  placed  nea/r  the  galvanometer^ 
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1^  latter  most  be  cftlibrated  with  m  in  the  same  position 
as  it  is  in  when  the  galTanomcter  is  used,  sinoe 
changing  the  position  of  a  magnet  when  it  is  near  a 
galvanometer  not  onlj  alters  the  absolate^  but  generally 
also  the  relative  calibration  corva 

To  carry  out  the  heating  experiment^  a  certain 
corrent  is  allowed  to  pass  through  the  apparatus,  and 
the  deflection  on  the  galvanometer  is  observed.  The 
current  being  kept  conatant^  the  iiima  rUe  of  tempera- 
ture of  the  liquid  in  the  calorimeter  is  measured  bj  the 
thermometer  t,  the  liquid  being  kept  constantly  stirred 
witli  the  stirrer  b  to  prevent  its  l>eooming  hotter  in  one 
part  than  in  another.  The  time  rise  of  temperature 
is  obtained  by  making  a  series  of  emultameouB  obeerva- 
tions  of  time  and  temperature ;  for  example^  successive 
observations  of  the  thermometer  may  be  made  by  one 
obeerver  at  times  which  are  noted  on  a  watch  by  another. 
A  curve  can  now  be  drawn  having  its  absdsse,  or 
distances  measured  along  one  line,  proportional  to  the 
times  measured  from  the  instant  of  closing  the  cir- 
cuit, or  better,  from  the  instant  that  the  first  observation 
of  temperature  is  made  after  the  current  has  become 
steady,  and  its  ordinates,  or  distances  measured  along  a 
line  perpendicular  to  the  former,  proportional  to  the 
temperature  at  the  ends  of  each  of  the  periods  of  time. 
From  this  curve,  which  experiment  shows  to  be  concave 
to  the  axis  along  which  time  is  reckoned,  the  tempera- 
ture of  tiie  thermometer  t  at  any  instant  of  time,  or  the 
rise  of  temperature  during  any  interval  of  time,  can  be 
seen.  This  time  rise  of  temperature  curve  does  not^  how- 
ever, represent  the  time  production  of  heat,  sinoe^ 
whOe  the  calorimeter  is  gaining  heat  from  the  coil  in 
it  through  which  the  current  is  passing,  it  is  loemg  heat 
on  aeeount  qfradiaUon  and  convection,*    Now  it  is  the 

*  Badiation  is  the  transfera&oo  of  heat  from  one  bodj  to  aaotfaer 
wHhoat  the  intenrening  tptuee  beooming  wann,  m,  for  example,  the  way 
in  wbieh  the  ran  warms  the  earth ;  oondnotion  is  the  tnuuf  erenoe  of 
heat  from  one  part  of  a  bodj  to  another,  due  to  all  the  iatenrenins 
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rate  of  production  of  heat  that  we  want  to  aecertttin, 
not  the  time  rise  of  temperature,  which,  without  alter- 
ing the  current  strengtli,  or  the  coil  through  which  it 
is  passing,  or  tlie  liquid  in  which  the  coil  is  placed, 
can  he  made  greater  or  less  by  diminishing  or  increas- 
ing the  facility  of  the  liquid  for  cooling. 

lis.  Cooling  Correction  of  the  Obseived  Rise 
of  Temperature  Curve. — Hence  we  must  make  ex- 
periments and  asoei'tain  the  amount  of  heat  that  was 
lost  while  the  temperature  was  rising,  and  this  may 
be  done  with  great  accuracy  by  stopping  the  current 
and  observing  the  time  faU  of  Uftaperalwre^  since  the 
calorimeter  is  now,  while  cooling,  surrounded  by  the  same 
body  at  the  same  temperature  as  it  was  while  it  was 
being  wanned.  From  observations  on  the  time  fall  of 
temperatni^  a  time  cooling  curve,  which  will  be  found 
convex  to  the  axis  along  which  time  is  reckoned,  can 
be  constructed.  This  second  curve  must  be  used  to 
correct  the  first,  and  so  to  obtain  a  third  curve  in- 
dicating what  the  rise  of  temperature  would  have 
been  had  there  been  no  loss  of  heatw  To  obtain  this 
third  curve  divide  the  time  into  a  number  of  mwU  equal 
intervals  ;  then,  starting  from  the  lowest  pai-t  of  the 
heating  curve,  observe  what  was  the  observed  rise  of 
temperature  in  the  first  short  interval  of  time ;  next» 
referriiig  to  the  cooling  curve,  observe  what  was  the 
observed  loss  of  temperature  in  the  same  interval  of  time 
and  for  about  the  same  value  of  a  mean  temperature. 
This  observed  rise  and  observed  loss  must  then  be 
added  together,  and  the  sum  will  measure  what  the  rise 
of  temperature  would  have  been  during  the  first  interval 
of  time  had  there  been  no  loss  of  heat.  This  gives  us  a 
new  point  indicating  what  the  temperature  would  have 

portions  of  tho  body  becoming  neoeftsarily  warmed,  as,  for  example,  the 
way  in  whicb,  when  one  end  of  a  cold  iron  poker  is  inserted  in  the 
fire,  the  other  end  gradually  becomes  warmed ;  eonrection  is  the 
transference  of  heat  from  one  place  to  another  by  the  bodily  con- 
veyance of  heated  liquid  and  gas ;  as,  for  example,  the  way  in  vhiok 
the  top  of  a  Qhimn«y  over  a  lighted  fire  becomes  wann. 
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been  had  there  been  no  cooling.  Do  the  same  for 
the  second,  third,  fourth,  &c.,  intervals,  and  add  what 
the  rise  in  temperature  during  each  interval  would 
have  been  without  cooling  to  what  the  temperature  would 
have  been  at  the  commencement  of  that  interval  without 
cooling. 

In  examining  this  third  curve  we  find  that  it  is  a 
straight  line,  wluch  means  that  for  a  constant  current 
the  amount  of  heat  produced  in  every  second  would, 
were  there  no  loss  of  heat,  be  able  to  raise  the  tempera- 
ture bj  the  same  amounts  Hence  the  amount  of  heat 
actnallj  produced  in  every  second  is  a  constant  quantity, 
and  this  constant  rate  of  production  is  measured  by 
the  tangent  of  the  angle  between  this  line  and  the  line 
along  which  time  is  measured. 

Next  vary  the  current  by  changing  the  length  of  the 
wires  (Fig.  73)  in  circuit,  which,  as  stated  above,  is 
done  by  connecting  the  free  terminal  of  the  galvano- 
meter with  a  different  binding  screw  at  fl,  and  obtain  the 
corrected  curve  as  before.  On  comparing  the  slopes  of  the 
straight  lines  so  obtained  from  the  two  experiments,  it  will 
be  found  that  they  are  not  proportional  to  the  resjiective 
current  strengths  as  measured  by  the  galvanometer,  but 
to  the  squares  of  the  current  strengths.  And  the  same  re- 
sult will  be  obtained  if  any  other  two  current  strengths 
be  employed  in  the  experiment.  We  conclude,  therefore, 
from  this  experiment,  that  the  heat  generated  in  a  con- 
dtustor  by  a  current  in  a  given  time  ie  proportional  to  the 
eqitare  of  ike  current  strength^  or  simply  to  tfie  square 
ofilie  current.* 

118.  Measuring  a  Current  by  the  Bate  of  Pro- 
duction of  Heal — ^This  method  of  measuring  the  nse 
of  temperature  by  the  heat  generated  in  a  coil  of  wire 
may  be  conveniently  employed  when  the  currents  are 
so  strong  as  to  raise   the   temperature   several   degrees 

*  In  pnustioe  it  is  found  best  to  take  the  observationi  on  ooolin|;  at 
the  end  of  the  experiment,  after  Uie  complete  seriei  of  observations 
d  the  heating  produoed  by  the  varioos  currents  has  been  carried  out. 
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in  a  time  so  short  that  in  it  no  appreciable  Ioob  of 
heat  can  oocuTy  since  in  that  case  the  two  currents  will 
be  simply  proportional  to  the  square  roots  of  the  ele- 
vations of  temperature  in  the  same  time,  and  no  oooUng 
experiments  need  be  made.  And  the  method  is  espe- 
ciaU J  useful  wh«i  we  desire  to  measure  an  "  aUematim/g 
cwrreni^'  that  is,  a  current  the  direction  of  which  is  being 
rapidl  J  reversed,  since  in  such  a  case  neither  a  voltameter 
nor  a  galvanometer  with  a  controlling  permanent  magnet 
can  be  used  to  measure  the  current  strength.  Ab  to  the 
voltameter,  the  compound  gas,  of  which  we  measured 
the  volume  in  the  experiment  described  in  §  3  and 
§  12,  was,  as  seen  from  &e  experiment  described  in  §  7, 
comppsed  of  hydrogen  steadily  given  off  at  one  of  the 
platinum  plates,  and  oxygen  steadily  given  off  at  the 
other,  so  that  if  the  current  were  rapidly  reversed  many 
times  a  minute^  a  little  hydrogen  would  first  be  formed 
at  one  of  the  plates,  then  a  little  oxygen  at  the  same 
plate,  which,  combining  with  the  hydrogen  previously 
formed,  would  re-form  water,  so  that  on  Uie  whole 
no  gas  would  be  produced  which  could  be  collected  and 
measured 

If  the  coil  of  wire,  having  a  resistance  of  o  ohms 
in  the  vessel  in  Fig.  73,  be  replaced  by  another  coil  of 
wire  having  a  different  resistance  of  o'  ohms,  it  will  be 
found  that  for  the  same  current  and  for  the  same  quantity 
of  liquid  in  the  calorimeter,  the  corrected  elevations  it 
temperature  in  the  two  cases  in  the  same  time,  which  are 
proportional  to  the  amounts  of  heat  produced,  will  be 
in  the  ratio  of  o  to  o\  Combining  this  with  the  result 
previously  obtained  with  different  currents  flowing 
through  the  same  coil,  it  follows  that  the  heat  generated 
in  a  eondncior  by  a  current  in  a  given  time  is  propoT' 
tianal  to  the  product  of  the  equare  qf  the  current  into  the 
resistance  of  the  conductor. 

If  ihe  UHiter  equivalerU  of  the  calorimeter,  that  is, 
the  weight  of  water  that  is  raised  as  much  in  tempera- 
ture as  is  the  calorimeter  with  its  contents  by  the  addi* 
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tion  of  tlie  same  amount  of  heat^  be  determined,  ire  can 
meaanune  the  actual  amount  of  heat  produced  per  minute 
bj  a  given  number  of  amperes  flowing  through  a  given 
number  of  ohms.  And  experiment  shows  when  the 
unit  of  heat  is  taken  as  the  amount  of  heat  that  will 
ndae  1  Ibi  of  water  from  0°  0.  to  1^  0.,  that  A  ampere$ 
/lowing  through  r  ohmn  produce  per  mimUe  0-0315  iiV 
unite  of  healy  or,  generally,  if  H  be  the  number  of  units 
produced  in  i  minutes, 

H  =  0O315  A«rl. 

If  we  take  as  the  unit  of  heat  the  heat  required  to 
raiae  one  gramme  of  water  from  0^  0.  to  1^  C,  and  if  <  be 
measured  in  seconds,  then 

H  =  0*239  k^rL 

114.  Work  done  in  an  Bdctrio  Cireuit— K  two 
conductors  at  different  potentials  be  joined  bj  a  wire, 
^ectricily  will  flow  from  the  one  of  higher  potential  to 
that  of  lower  as  long  as  any  potential  difference  exists 
between  them,  exactly  as,  when  a  reservoir  containing 
water  at  a  higher  level  than  the  surrounding  country 
has  an  opening  made  in  the  bottom  of  it,  water  will  flow 
out  of  the  reservoir  from  the  higher  to  the  lower  level 
until  all  the  water  has  feJlen  to  the  same  leveL  In 
order,  thereforcy  to  keep  up  a  conetani  electric  current  we 
muet  employ  a  machine  thai  will  transport  electricity 
from  a  place  of  low  to  a  place  of  high  potential,  just  as,  to 
keep  up  a  st^uiy  stream  of  water,  we  must  have  some 
machine  or  pump,  or  it  may  be  the  evaporating  power 
of  the  sun,  to  keep  raising  the  water  from  a  low  to  a  high 
leyeL  With  any  such  pump  a  certain  portion  of  the 
power  expended  on  it  would  be  spent,  not  in  actually 
raising  water,  but  in  overcoming  the  friction  opposed  by 
the  channels  inside  the  pump  to  the  passage  of  the  water, 
and  the  portion  of  the  power  so  spent  would  be  con- 
verted into  heat,  so  that  the  work  the  water  could  do  in 
ftblling  would  be  less  than  that  spent  on  the  pump  by  the 
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amount  that  had  been  vasted  in  heat  in  the  pump. 
Consequentlj,  the  number  of  feet  to  which  a  pump 
could  raise  a  pound  of  water  would  be  less  than  the 
number  of  foot-pounds  of  work  expended  on  the  pump 
to  raise  the  pound  of  water,. and  experiment  shows  that 
this  difference  would  be  greater  the  more  quickly  the 
pound  of  water  was  raised. 

Now  a  generator  of  an  electi-ic  current,  for  example,  a 
galvanic  battery,  a  dynamo  machine,  a  magneto  machine, 
or  a  thermopile,  is  employed  for  the  same  sort  of  object 
as  a  pump,  viz.,  to  raise  electricity  from  a  low  to  a  high 
potential,  in  opposition  to  the  tendency  the  electiicity 
apparently  possesses  to  flow  from  a  place  of  high  to 
a  place  of  low  potential.  The  work  the  electricity  so 
raised  in  potential  can  do  per  second,  or  per  minute, 
in  the  external  circuit,  in  the  form  of  an  electric  cur- 
rent, may  be  peu-tly  done  in  turning  an  electromotor, 
or  may  be  partly  done  in  decomposing  the  substances 
in  a  voltameter,  but  in  both  cases  a  portion  must 
be  done  in  heating  the  external  circuit;  or  the  whole 
of  the  work  may  be  done  in  merely  heating  the  external 
circuit,  and  since  we  know  from  the  experiment  de- 
scribed in  §  113,  page  198,  that  the  heat  generated  by  the 
current  is  proportional  to  the  product  of  the  square  of 
the  current  into  the  resistance,  it  follows  thaty  when 
all  the  work  done  in  a  circuit  is  done  in  the  form  of 
heat,  the  total  work  done  is  proportional  to  the  square  of 
the  current  into  the  resistance^  But  we  also  know  that 
in  this  simple  case  the  current  is  proportional  to  the 
potential  difference  at  the  terminals  of  the  generator 
divided  by  the  resistance  of  the  external  circuit.  Henc^ 
in  this  case,  the  work  must  be  proportional  to  tJis  pro- 
duct  of  the  current  into  the  poterUial  dijerence. 

To  express  this  result  numerically,  let  the  current  A 
bo  measured  in  amperes,  the  potential  difference  V  in 
volts,  the  resistance  r  in  ohms,  the  work  W  in  foot- 
pounds, and  the  time  t  in  minutes.  Then,  since,  as  we 
have  already  seen  (§  113,  page  199)  that  H»  the  heat 
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generated,  equals  0*0315  A'rt,  and  since  Joule  has 
shown  that  the  quantity  of  heat  required  to  raise  1  lb. 
of  water  from  0^  0.  to  1^  G.  (that  is  our  unit  of  heat)  ip 
equivalent  to  1,400  foot-pounds  of  work,  it  follows  that 

W==  1,400  X  00315  A«r< 
=  44-25  A*  r  «. 

Also  we  know  that  when  all  the  work  done  in  the  drcuit 
is  expended  in  producing  heat^ 

r 
.-.    W  =  44-25  AVe. 

And  this  result  is  true  in  all  cases  whencTer  a  Heady 
current  flows  through  any  circuit,  whether  it  consist  of 
merely  a  resistance  or,  in  addition,  of  an  electromotor,  or 
of  both  an  electromotor  and  a  voltameter  in  addition  to 
mere  resistance.  Consequently,  whenever  a  steady  cur- 
rent of  A  am/pereefiowe  tivrough  a  eirciUtf  at  the  terminals 
of  which  Y  f?oUs  are  maintained,  the  work  done  in  foot- 
pounds  per    minute    is    44*25    AY,    and    the    horse- 

,       .      .    44-25    ,  „       AY 
power    expended   on  tike  ^«**^  ^JqqO        '  ®^  746 '  *" 
0-00134  AYy  since  one  horse-power  corresponds   with 
33,000  foot-pounds  per  minute.    {See  also  Chap.  IX.) 

Example  41. — If  4  amperes  flow  through  a  resistance 
of  4^  ohms  for  twenty  minutes,  how  many  foot-pounds 
of  work  are  done?  Answer. — 63,720. 

Example  42. — If  three-quarters  of  an  ampere  flows 
through  an  Edison  lamp  when  108  volts  are  maintained  at 
its  terminals,  how  many  foot-pounds  of  work  per  minute 
are  expended  on  the  lampi  Answer. — 3,584^. 

Eaxmiple  43. — A  horse-power  being  33,000  foot- 
pounds per  minute,  how  many  such  Edison  lamps  as  are 
referred  to  in  the  last  question  would  be  made  to  incan- 
desce with  the  expenditure  of  2|  horse-power  1 

Answer. — 23. 
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Example  44. — ^If  a  lamp  throng  which  half  an  ampere 
is  flowing,  and  at  the  terminals  of  which  85  volta  are 
maintained,  emit  10  candles  of  lights  how  manj  candlea 
per  horse-power  are  being  prodaoed  f 

The  horse-power  expended  equals 

44-25  X  ^  X  8g , 

33,000         ' 

therefore  one  candle  requires  an  expenditure  of 

44-25  X  i  X  85  ^ 

330,000         '^o^^Po-^'' 

therefore  one  horse-power  will  produce 

330,000 

illuminatioEL 

44-25  X  I  X  85 

Amwer. — 175*5  candles'  illumination  nearly. 
As  already  stated,  it  can  be  shown  in  all  cases 
that  the  total  work  done  iu  the  external  circuit  equals 
44 '25  AY  foot-pounds  par  minute,  whether  there  be 
electromotors  or  voltameters  or  not  in  this  circuits  I^ 
however,  there  be  either  of  these^  the  total  wori^  done 
will  be  more  than  44-25  A' r  foot-pounds  per  minute 
where  r  is  the  total  resistance  of  the  external  circnit^ 
that  is, 

44-25  AV.  >  44-25  A«  r. 

In  fact,  44-25  A'  r  foot-pounds  per  minute  represoits 
the  portion  of  the  energy  that  is  turned  into  heat,  and 
the  difference  represents  the  amount  of  electric  energy, 
measured  in  foot-pounds  per  minute,  that  is  transformed 
into  some  form  of  energy  other  than  heat 

ELEOTBOMOnVB   FOBCK. 

116.  Work  done  by  a  Current  Generator.  Blectio- 
motive  Force. — In  order  that  a  given  amount  of  work  may 
be  done  on  the  external  circuit,  a  grecUer  amount  of 
work  must  be  done  by  the  generator  itself  on  account  of 
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the  resistaiioe  of  the  generator  agftinst  which  the  enmnt 
has  to  be  sent,  jnst  as  a  pump  has  to  do  more  work 
than  the  energy  stored  up  in  the  water.  Consequently^  if 
b  be  the  resistance  of  the  generator  in  ohms,  44*25  A*  6 
foot-pounds  per  minute  must  be  expended  in  manAing  the 
cnrrent  through  the  generator  itself  and,  consequently, 
the  total  work  done  by  the  generator  in  foot-pounds  pet 
minute  equab 

44-25  A»  (r  4-  b). 

Now  if  V  be  the  potential  difference,  that  would  send 
the  current  A  amperes  through  6  ohms^ 

or  A*5  =  A«. 

Heuce  the  total  work  done  by  the  generator  equab 

44*25  A  (V  -H  v)  foot-pounds  per  minute. 

Further,  we  know  that  when  a  current  passes  through 
a  Toltameter,  the  amount  of  chemical  action  that  is  pro- 
duced in  a  given  time  is  proportional  to  the  current ; 
indeed,  it  was  the  amount  of  chemical  action  per  minute 
that  gave  us  our  original  definition  of  current  strength. 
And  a  galvanic  battery  is  but  a  form  of  voltameteri 
hence  we  may  conclude  that  the  amount  of  each  of  the 
various  chemical  actions  that  take  place  in  a  battery  in 
a  given  time  is  proportional  to  the  current,  if  no  action 
takes  place  when  no  current  is  passing,  a  condition  that 
is  approximately  fulfilled  in  a  good  galvanic  battery. 
Also  we  know  that  the  amount  of  chemical  action 
that  takes  place  in  a  given  time  in  a  battery  represents 
the  amount  of  fuel  burnt  in  that  time,  and  therefore  is 
proportional  to  the  total  amount  of  work  done  by  the 
battery  in  the  same  time.  The  total  work,  therefore, 
done  by  the  battery  per  minute  b  proportional  to  A ; 
bat  we  have  seen  that  it  is  also  proportional  to 
A  (V+v),  consequently,  Y+v  must  be  a  eonttant  for  a 
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particular  batteiy.  This  ocmstant  is  called  the  "  deetro^ 
motive  forcey^  aikd  k  shortly  reprefiented  by  the  letters 
*f  E,  M,  F"  If  the  current  passing  through  the  battery 
is  very  large  its  chemical  oonstitiition  changes  somewhat^ 
80  that  the  same  current  passing  through  it  for  the  same 
time  does  not  produce  the  same  chemical  decomposition 
as  before  }  henoe  the  work  now  done,  compared  with  the 
work  prenously  done,  ceases  to  be  in  the  ratio  of  the 
present  value  of  the  current  to  the  former  value,  or,  in 
other  words,  y+  v  or  the  £.  M.  F.  is  no  longer  constant. 
However,  excludins  such  extreme  cases,  we  can  say 
that  the  current 

A--, 

A  * 

<>rA=-; 

or  A  = 


r  +  6 

r 


Hence  V  =  —r-x  E, 

if  E  stands  for  the  electromotive  force  of  the  battery. 

116.  Variation  of  External  Sesistance,  Current,  and 
Potential  Difference  at  the  Battery  TenniniJs. — When 
r,  the  external  resistance,  is  extremely  great  compared 
with  6,  and  the  current,  as  seen  from  the  third  equation 
above,  is  very  small,  Y,  the  '*  terminal poteniial  dijfirence^^ 
is,  as  seen  from  the  last  equation,  a  maximum,  and 
becomes  equal  to  K  And  as  long  as  r  is  fBurly  large 
in  comparison  with  6,  the  current  remains  small,  and  V 
remains  nearly  equal  to  K  When  r  diminishes  so  as  to 
become  small  compared  with  6,  A  increases  rapidly,  until 
when  r  is  nought  A  becomes  a  maximum,  and  equals 

E 

^     Y,  then,  is  nought. 
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The   apparatus  shown  in  Fig.  74,    ooluisttiig  of    a 
batteiy  B,  a  delicate  ammeter  A, 
a  Toltmeter  V,  and  a  variable  re- 
tostance  Ft,  enables  all  the  preced- 
ing to  be  tried  ejcperiment&lly. 

First,  make  R  equal  to  in- 
finity, then  the  reading  on  tbe 
Toltmeter  gives  E. 

Secondly,  maJcp  R  have  any 
suitable  value,  so  that  the  cur- 
rent can  be  easily  read  accurately 
on  the  ammetw;  let  it  be  A 
amperes,  and  the  corresponding  pot«ntial  difTerence  s*  the 
terminals  of  t)»e  battery  V  volts  ;  then, 

V  =  E  -  A  6, 
where  b  is  the  battery  resistance  ; 

•  '■    h  = —  ohms. 
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Hie  rMutonoe  of  the  battery  can  in  tliia  vaj  h« 
determined  without  knowing  r  the  Yalue  of  B»  that  ]% 
without  employing  resistance  coils  of  known  value,  and 
this  is  the  beet  method  of  measuring  the  resistanoa 
of  a  current  generator  when  the  resistance  is  very  small, 
as  in  the  case  of  an  ''  aecurmdaior,^ 

Thirdly^  take  Tarions  values  of  r,  and  see  whether  the 

E 

current  always  equals amperes,  and  the  terminal 

potential  difference  E  —  A  6  voltsL 

As  a  rough  analogjr,  the  terminal  potential  difierence 
of  a  battery  may  be  likened  to  the  force  exerted  by  a 
locomotive  engine  in  dragging  the  carriages,  which  is,  of 
course,  equal  to  the  puU  on  the  -coupling  connecting  the 
engine  with  the  first  carriage,  while  the  current  strength 
may  be  likened  to  the  speed  of  the  train,  and  the  external 
resistance  to  the  mass  of  the  carriages  composing  the 
train.  If  the  train  be  long  and  heavy,  corresponding 
with  a  great  external  resistance,  the  pull  exerted  by 
the  engine  is  great,  but  the  speed  of  the  train  is  slow. 
Whereas  if  there  be  only  a  few  carriages  the  pull  is 
less  but  the  speed  is  greater,  and  in  the  extreme  case, 
when  the  engine  is  running  alone  the  pull  exerted  on  the 
coupling,  which  is  now  hanging  loose,  is  nou^t,  and  the 
speed  of  the  train  is  the  greatest.  Also  the  puU  exerted 
by  the  engine  on  the  first  carriage  is  always  less  than  the 
total  force  exerted  by  the  engine,  unless  the  engine  is 
attempting  to  pull  so  heavy  a  train  that  it  does  not  move, 
corresponding  ¥rith  infinite  external  resistance  and  cur- 
rent nought,  because  if  the  engine  is  moving  at  all,  some 
of  its  pulling  power  is  employed  in  moving  itsell  And 
so  with  a  battery,  if  any  current  at  all  is  flowing,  the 
terminal  potential  difierence  must  always  be  slightly  less 
than  the  electromotive  force. 

Example  45. — A  DanielFs  cell  has  an  E.  M.  F.  of  1 07 
Tolts,  and   an  internal  resistance  of   2^  ohms;  what 
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corrent  will  it  send  through  an  external  resiatanoe  of 
32  ohmal  AnKvoer. — 0*031  ampere  nearly. 

l&BawfpU  46. — K.  batteiy  having  an  R  M.  F.  of  15 
Tolts,  and  an  internal  resistanoe  of  25  ohms,  ia  sending  a 
current  throng  an  external  resistanoe  of  5  ohms ;  what 
is  the  potential  difference  at  the  battery  terminals  f 

AiMww, — 2^  volta 

Example  47. — ^What  current  mnst  the  battery  in  the 
last  question  send  so  that  its  terminal  potential  difference 
may  be  7'5  volts  1  An$wer, — 0*3  ampere. 

Example  48. — If  a  battery,  having  an  £.  M.  F.  of  8 
volts,  have  ita  terminal  potential  difference  reduced  to 
2  volts  on  sending  a  current  of  2  amperes,  what  is  its 
internal  resistance  1  Antwer. — 3  ohma 

Example  49. — ^A  battery  has  a  terpiinal  potential 
difference  of  15  volts  when  sending  a  current  of  2 
amperes,  and  12  volts  when  sending  a  current  of  3 
amperes ;  what  is  its  internal  resistance  1 

If  E  be  the  unknown  E.  M.  F.  of  the  battery,  and  b 
its  resistance^ 

we  have  15  =  £  -  2  6, 

also  12  =  E  -  35, 

or      6  =s  3  ohDis. 

Anewer, — 3  ohma 
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CHAPTER  V. 

CUBREKT     GBNERAT0R8. 

117.  Oanrent  Generaton— U8.  Batteries— 119.  Daiiicll's  Cell— 120. 
Minotto's  Cell— 121.  GiSTitj  Daniell— 122.  Chemical  Aotbn  iB 
the  DanieU's  Cell— 128.  Local  ActioQ— 124.  Grove*a  CeU— 12S. 
Bunsen's  Cell— 126.  Ledanch^  Cell— 127.  Potash  Bichromate 
CeU— 1293.  Measuring  the  Electromotive  Force  of  a  CiiiTeiii 
GencFaior  — 129.  Meagoring  the  Kesistances  of  Batteries^ 
130.  P.  D.— 131.  Comparing  the  Electromotiye  Forces  of  Bat- 
teries-132.  PozgendorfiTs  Method  of  comparing  ElectromotiTV 
Forces— 133.  Electromotive  Force  of  a  Cell  is  Independent  of 
its  Size  and  Shape— 134.  Calibrating  a  Galvanometer  by  Elm- 
ploying  Known  Resbtanoes  and  a  Cell  of  Constant  B.  M.  Fl 
— 135.  Arrangements  of  Cells— 136.  Arrangement  of  a  given 
Number  of  Cells  to  produce  the  Marimum  Current  through  a 
given  External  Resistance— 137.  Variation  produced  in  the  Total 
Current  by  Shunting  a  Portion  of  the  Circuit — 138.  Constant 
Total  Cuirent  Shunts— 139.  Independence  of  the  Currents  in 
Various  Circuits  in  Parallel. 

117.  Current  Generators. — The  currerU  generator  in 
practical  use  may  be  divided  into — 

1.  "Batteries." 

2.  "  Accumulators  "*  or  '<  Secondary  batteries.* 
8.  "  Magneto  machines." 

4.  "Dynamos," 
6   "Thermopiles.'' 

All  of  these  are  simply  contrivances  for  converting 
various  forms  of  energy  into  electric  energy.  In  thermo- 
piles heat  energy  is  directly  transformed  into  electric 
energy,  just  as  in  a  steam-engine  heat  energy  is  directly 
transformed  into  mechanical  energy,  or  energy  of  visible 
motion.  In  dynamos  and  magneto  machines  there  is  a 
direct  transformation  of  mechanical  energy  into  electric 
energy,  whereas  in  accumulators  and  batteries  it  is 
stored  up,  or  potential,  chemical  energy  that  is  converted 
into  electric  energy. 
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118.  Bfttterie& — A  "  balUry  "  is  the  namo  given  to 
a  collection  of  "galvanic  cells,"  arranged  bo  as  to  pro- 
duce a  larger  current 
than  could  be  obtained 
with  a  single  cell  under 
the  particolar  circnm- 
staneea  Fig.  75  shows 
a  battery  composed  of 
five  ckUb  of  the  vei^ 
admpleat  form,  each  cell 
consisting  of  a  plate  of 
zinc  z  and  a  ptate  of 
copper  C,  dipping  into 
dilute  sulphuric  acid. 
Such  a  cell  is  frequently 
called  a  "  gimple  Voltaic 
element"      The  oo))per 

plateof  one  cell  isjoined  -d 

hj  means  of  a  copper  ^ 

■wire  to  the  zinc  plate  *• 

of  the  next,  so  that  the 
cells  are  in  series  (we 
Arr&ugements  of  Cells, 
§1.^5,  page  239),  and  on 
joining  the  two  terminal 
copper  wires  marked  + 
and  . —  in  the  figure, 
directly  together,  or  to 
the  terminals  of  a  gal- 
vanometer, voltameter, 
or  otlier  indicator  of 
the  direction  of  the 
current,  the  current  is 
found  to  flow  in  the 
direction  of  the  arrows 
(tee  Definition  of  the  Direction  of  the  Cnrrent,  §  7,  page  14). 

A  great  number  of  cells  have  been  devised  from  tim« 
to  timc^  bat  the  most  important  are  the 
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L  "DanleU's"  cell 

2.  "  Grove's  "  cell 

3.  "Banaen's"  eelL 

4.  "  Laolanoh^  "  c^ 

5.  "Potaah  bicbromftte "  oelL 

Other  cells,  imch  aa  the  "  LoHaiide  Chaperon,"  the  "Rom." 
the  "  Upward"  the  "JitffetU,"  Ac.,  may  be  osed  for  the 


comparatively  cheap  production  of  Urge  curr^ts,  when  & 
dynamo  is  not  available,  but  such  cells  cannot,  as  &r  as  the 
author  is  aware,  compare  with  the  dynamo  in  economy. 

U9.  Daniell's  Cell— The  "SanielTg"  cell  consists 
of  &  copper  plate  c.  Fig.  76,  dipping  into  a  tolulion  of 
roppir  miphaU  contained  in  a  glass,  or  glased,  highly 
vi^fied  stoneware  jar,  J,  and  a  zine  plate,  or  rod,  z,  to 
whidi  a  copper  wire,  or  strip,  w,  is  soldered,  dipping  into 
ftither  dilute  sulphuric  aind  or  a  toltUion  of  zinc  gulpkaie, 
the  two  solutions  being  se|Mrated  by  a  porotu  partition  p, 
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made  of  unglazed  earthenware,  and  called  a  ^^parotu 
jKtC*  The  £.  M.  F.  of  a  Darnell's  oeU,  and  of  all  its 
modifications,  is  ronghlj  I'l  volts,  but  it  yaries  from 
about  107  Tolts  to  1*14  volts,  depending  on  the  densities 
of  the  solutions  of  copper  and  zinc  sulphate.  With  equi- 
dense  solutions,  and  with^plates  of  pwre  nnc  and  copper, 
the  K  M.  F.  is  1*104  volts.  This  value  is  increased  by 
increasing  the  density  of  the  copper  sulphate  solution, 
and  diminished  by  increasing  the  density  of  the  one 
sulphate  solution,  and  is  scarcely  at  all  affected  by  the 
ordinary  atmospheric  changes  of  temperatnie.  (See 
§  215,  page  411.) 

The  resistance  of  the  cell  varies  with  the  area  of  the 
copper  and  zinc  plates  immersed  in  the  liquids,  the  dis- 
tance between  the  plates,  and  the  thickness  and  constitu- 
tion of  the  walls  of  the  porous  celL  With  a  cell  about 
7  inches  high,  of  the  relative  dimensions  shown  in  the 
above  figure,  the  fesiBtance  may  be  as  low  as  j^  of  an 
ohm  when  the  solution  in  which  the  zinc  plate  is  im- 
mersed is  dilute  sulphuric  acid  of  a  specific  gravity  of 
about  1*15  at  15"*  C.  Occasionally,  however,  porous  pot 
Daniell's  cells,  with  smaller  plates,  are  used,  having  a 
resistance  of  as  much  as  10  ohms.  The  E,  i/1  F.  of  the 
Danidly  or  of  any  other /orm  qfceUy  is  quite  independent 
of  the  size  of  the  various  parts  of  the  cell^  or  qf  the  eeU  as 
a  wholSj  and  depends  solely  on  the  malerials  employed  in 
its  construction.     (See  §  133,  page  236.) 

120.  Minotto's  GelL— Inthe  "Minotto*s''*  cell  the 
porous  pot  is  replaced  by  a  layer  of  sand  or  sawdust, 
and  it  is  constructed  as  shown  in  Fig.  77.  At  the  bot- 
tom of  a  glass,  or  glazed  and  highly  vitrified  stoneware 
jar  J,  there  is  placed  a  disc  of  sheet  copper  o,  to  which  is 
attached  one  end  <^  an  insulated  copper  wire,  which 
passes  up  through  the  oelL  Above  this  plate  are  placed 
some  crystals  of  copper  sulphate  c  s,  and  on  the  top  a 
piece  of  thin  canvas  c,  separating  the  copper  sulphate  from 
the  layer  of  sand  or  sawdust  s,  and  on  the  top  of  the  saw^ 

*  Qfton  wrongly  ipelt  "JfoMttTt.'* 
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dust  rests  the  zinc  pkte  z,  sepanted  from  the  sand  or  savr- 
dust  by  &  piece  of  thin  canvas  c.  The  cell  ia  completed  by 
pouring  in  some  solution  of  zmc  Bulpbata,  so  as  to  cover 
the  zinc  disc,  but  not  so  much  as  to  reach  up  to  the  brass 
binding  screw  b,  cost  into  the  top  of  a  little  colamn  of 
zin<^  forming  {Mirt  of  the  anc  disa  Before  putting 
^^,  in  the  Band  or  sawdust, 
3^^  it  should  be  soaked  in  a 
■s^H  solution  of  zinc  sulphate^ 
and  squeezed  partially 
dry,  because,  if  put  into 
the  cell  quite  dry,  a  long 
time  must  elapse  before 
the  liquid  will  soak 
through  the  sand  or  saw- 
dust, and  until  this  hap- 
pens the  cell  will  not 
come  into  action. 

It  is  better  to  employ 

Y'    sand  in   stationary  Min- 

--^— .^v  ^K_^  K  ^"^    otto's  cells,  as    it    sinks 

^SZ^tfy  1^    ^fc  ^^™    down     as     the     copp^ 

Fig.  77,  sulphate  is  consumed,  but 

if  the  cells  hare   to  be 

moved  about,  then  it  is  better  to  use  sawdust. 

131.  Orivity  DanieU. — In  some  t^pes  of  Daniell's 
celts,  no  form  of  porous  partition  is  employed,  and  the 
copper  sulphate  and  zinc  sulphate  are  kept  separated  solely 
by  the  action  of  gravity,  the  zinc  sulphate  solution  being 
put  at  the  top,  as  it  is  the  lighter  of  the  two.  ^ch  cells 
are  called  "gravity  DanielC»,"  and  examples  of  them  are 
shown  in  Figs.  78,  79,  and  80.  Fig.  78  shows  two  forms 
of  the  "  tfeidint/er  "  cell,  in  ecuib  of  which  the  oopper  plate 
is  put  inside  a  small  inner  glass  tumbler  dd,  so  that  the 
particles  of  zinc  sulphate,  which  may  become  detached 
from  the  zinc  plat'',  may  fall  clear  of  the  copper  plats, 
and  be  prevented  from  coming  into  contact  with  it. 
In  tlie  type  of  Uetdingcr  shown  on  the  left,  the  dystals 
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of  cofper  sulphate  are  in  a  glass  tube  A,  with  only  a 
small  hole  at  the  bottom,  while  in  the  type  to  the  right 
£he  crystab  are  contained  in  an  inverted  flask  open 
at  the  neck.  In  both,  tlie  zinc  plate  z  z,  which  is  in 
the  form  of  a  cylinder,  ia  supported  on  a  shoulder  bb, 
formed  by  a  contraction  of  the  lowei*  part  of  the  outer 
glass  vessel.  The  Caiiaud  cell,  Fig.  79,  is  a  simplifica- 
tion of  the  Meidinger,  being  without  the  reservoir  for 


ng.78. 

the  copper  sulphate  ciystala,  and  the  small  glass  tumbler 
to  hold  the  copper  plate. 

In  the  "Lockmood"  cell.  Fig.  80,  the  zinc  pUte  ia 
made  like  a  kind  of  wheel  with  spokes,  so  as  to  expose  u 
large  surface  to  the  liquid,  and  ia  supported  by  three 
lugs  reeting  on  the  edge  of  the  glass  vessel.  The 
copper  plate  is  made  of  thick  copper  wire,  bent  into 
the  form  of  a  double  spiral,  with  the  crystals  of  copper 
sulphate   placed  between  the   spirals,  (jie  upper  spiral 
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being  found  to  retard  the  traTelling  up  of  the  copper 
sulphate  solotion  to  the  zinc  plate  if  the  cell  be  kept 
sending  even  <oJy  a  weak  current  For  the  lower  spiral, 
a  copper  disc,  similar  to  that  used  with  the  Minotto'a 
cell  (§  120,  page  211),  may  be  subfltituted,  and  lor  the 
upper  one,  a  perforated  copper  disc,  without  interfering 
with  the  action  of  the  Lockwood  cell.  All  gravity  cells 
have  the  disadvantage  that  they  cannot  be  moved  about, 


otherwise  the  liquids  mix,  sjid  the  sulphate  of  copper 
solution  coming  into  contact  with  the  zinc  plat«,  depoeiU 
copper  on  it.  Thb  impairs  the  action  of  the  cell  by 
causing  the  zinc  plate  to  act  electrically  like  a  copper  one. 
Indeed,  without  any  shakii^,  the  liquids  mix  by  diflu- 
sion,  even  when  a  porous  pot  is  employed,  and  hence  a 
Daniell's  cell  is  found  to  keep  in  better  order  if  it  be 
always  allowed  to  send  a  weak  current  when  not  in 
use,  since  the  current  uses  up  the  copper  sulphate  solu- 
tion instead  of  allowing  it  to  diffusa 
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ISa.  (AaBdeal  Aetioa  in  the  DaaieU's  OOL—Tks 
BamMs  eeU,  and  all  iU  mtMfiaaliom^  produce  a  euT" 
rent  hy  the  formation  qf  zinc  aidphaUy  and  the  ueing  up 
of  copper  etdphaiOj  the  vine  plate  being  eaten  up  to  form 
the  zinc  euJphate^  and  the  copper  plate  growing  by  tlte 
depoeit  of  metalUc  copper  on  iL  GhemicnJlj,  the  action 
may  be  represented  as  follows — the  <^  footer  of  cryetaUi- 
eation  "  of  the  copper  and  zinc  sulphate  cryBtalSi  as  well 
as  the  water  employed  to  form  the  solutions,  being 
omitted  for  the  si^e  of  simplicity : — 

Befofre  sending  a  corrent  I 

iKCa)+/(GiiS04)  I     mCZnSOJ+iiCZn), 

aftex  sending  a  cnrrent  «  9 

(*+l)(Cu)+(M)(OoSOJ   2     (m-hlKZnSOJ-hCi^-lKZn); 

(S 
ifeand  n  being  any  arbitrary  quantities  of  copper  and 
zinc  used  in  the  copper  and  zinc  plate,  and  I  and  m  any 
arbitrary  quantities  of  the  copper  sulphate  and  zinc  sul- 
phate employed.  Substituting  the  *'  atomic  weighte  "  for 
the  various  substances  employed,  we  lind  that  for  every 
26  ounces  of  zinc  that  are  dissolved  off  the  zinc  plate,  about 
100  ounces  of  copper  sulphate  crystals  are  decomposed,  and 
about  25  ounces  of  copper  added  to  the  copper  plate.  If 
dilute  sulphuric  acid  be  employed  in  place  of  a  solution 
of  zinc  sulphate,  the  resistance  of  the  cell  is  lower,  and  the 
E.  M.  F.  higher,  but  the  latter  is  not  so  constant  as  when 
zinc  sulphate  alone  is  used,  because,  if  we  start  with  dilute 
sulphuric  add,  zinc  sulphate  will  be  gradually  formed 
by  the  action  of  the  cell,  and  the  increase  of  the  amount 
of  zinc  sulphate  we  have  already  seen  lowers  the  E.  M.  F. 
The  chemical  action  in  that  case  will  be  as  foUows : — 

i 

Before  sending  the  emrent        a 

ir(Chi)+^Cii804)  |  MCEUBOJ-f  fi(Zn), 

sfter  ipppfiiiTg  the  ouirent  9 

(ir+l)Ca+(M)(Chi80«}    |  m(E^^-\-[ZnSO^M^^)(?^) 
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When,  there/ore^  constancy  of  E.  M.  F,  w  denred,  a 
solution  of  zinc  stdphate  should  be  used^  and  not  dilute 
sidphwric  acid. 

If  the  copper  sulphate  solution  becomes  too  weak,  the 
water  is  decomposed  instead  of  the  copper  sulphate,  and 
hjdrogen  is  deposited  on  the  copper  plate.  This  deposition 
of  hydrogen  lowers  the  K  M.  F.,  and  care  should  therefore 
be  taken  to  keep  up  a  sufficient  supply  of  ciystals  of  copper 
sulphate.  Indeed,  it  was  for  the  purpose  of  preventing 
the  deposition  of  hydrogen  on  the  copper  plate  whi<£ 
occurs  with  a  simple  voltaic  element^  tiiat  Prof.  Daniell 
was  led  to  use  copper  sulphate  as  a  '* depolariser"  and 
thus  invent  the  ^* two-fluid  cell"  This  polaiisation  is 
easily  seen  by  dipping  two  pieces  of  clean  copper,  C^  and 
Cg,  and  a  piece  of  zinc,  into  dilute  iulphuric  acid,  a  part 
of  each  of  the  three  pieces  being  inside  the  liquid  and  a 
part  outside,  but  the  three  pieces  not  touching  one 
another,  either  inside  or  outside  the  liquid.  If  the  two 
pieces  of  copper,  Cj  and  Oj,  be  first  joined  by  wires  with 
a  delicate  galvanometer^  no  current  will  be  observed ;  but 
if  one  of  them,  C|,  be  connected  for  a  time  with  the  zinc 
by  a  wire,  so  that  a  current  flows  from  C^  to  the  zinc 
through  this  wire,  and  from  the  zinc  to  C^  through  the 
liquid,  it  will  be  found  on  stopping  this  current  and  con- 
nectiag  C^  and  0^  again  with  the  galvanometer,  that  a 
current  now  flows  round  it  from  Cji  to  Oj,  that  is,  from 
0^  to  C3  through  the  liquid.  Using  C^,  therefore,  as  the 
copper  plate  in  a  simple  voltaic  element^  causes  it  to  act 
subsequently  as  a  zinc  plate  to  a  clean  copper  plate. 
And  the  longer  C^  is  used  as  the  copper  plate  of  the 
simple  voltaic  cell,  which  is  sending  a  current  through 
a  piece  of  wire  to  the  zinc  plate,  the  more  like  a  zinc 
plate  does  0^  become,  and  the  weaker  grows  the  cur- 
rent that  Oj  with  the  zinc  plate  can  send  through  a 
given ,  external  resistance,  while  the  stronger  becomes 
the  current  that  C^  and  a  dean  piece  of  copper  will 
send  through  a  given  resistance.  This  change  in  the 
behaviour  of  0^  is  due  to  a  deposition  of  hydrogen  on 
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tt^  which  deposition  gradually  diaappeara  when  C|  and 
C3  are  left  connected.  Both  then  when  the  *' primary 
cwrreTU"  flows  from  the  xinc  to  Gj  through  the  liquid, 
and  subsequently  when  the  **9e€ondary  ewrrent^  flows 
from  Oj  to  Og  also  through  the  liquid,  the  hydrogen 
moves  in  the  direction  of  the  current,  the  result 
obtained  with  a  sulphuric  add  Toltameter  (#00  §  7, 
page  16). 

If  iJie  solution  of  zinc  sulphate  in  a  Daniell's  cell 
(Figa  77,  80)  becomes  too  strong  by  the  evaporation  of  the 
water,  the  zinc  sulphate  crystallises  on  the  sides  of  the  cell, 
and  the  liqiiid  passes  up  by  capillary  attraction  between 
the  film  of  crystals  and  the  side  of  the  vessel,  crystallising 
again  abova  At  last  the  film  passes  over  the  edge  of  the 
jar  and  forms  on  the  outside,  thus  making  a  kind  of 
syphon,  which  draws  off  the  liquid.  This  action  may,  to 
a  great  extent,  be  prevented  by  warming  the  edges  of  the 
glass  or  stoneware  jars,  and  of  the  porous  pots,  before  the 
cells  are  made  up,  and  dipping  them  while  warm  into  some 
paraffin  wax  melted  in  warm  oiL  It  is  desirable  also  with 
those  Daniell's  cells  in  which  the  zinc  is  inside  the  porous 
pot,  as  in  Fig.  76,  to  dip  the  bottom  of  the  porous  pot  into 
the  melted  paraffin  wax,  otherwise  particles  of  metallic 
copper  will  be  gradually  deposited  in  the  pores  at  the 
bottom  of  the  porous  pot  on  which  the  zinc  rests,  and 
the  cell  will  become  ^  ahort-circuited/*  that  is,  a  strong 
current  will  be  sent  through  this  copper,  and  the  mate- 
rial in  the  cell  will  be  used  up  rapidly,  exactly  as  would 
be  the  case  if  the  zinc  and  copper  plates  were  perma- 
r  entiy  connected  by  a  short  piece  of  thick  copper  wire 
outside  the  cell. 

123.  Local  Action. — ^Another  cause  of  ^^local  action" 
or  the  production  of  useless  currents,  is  impurities,  such 
as  bits  of  coke,  in  the  zina  If  a  piece  of  coke  and 
a  piece  of  pure  zinc  be  put  into  dilute  sulphuric  acid, 
then,  as  long  as  the  coke  and  zinc  do  not  touch  one 
anoliier,  either  in  the  liquid,  or  outside,  no  appreciable 
chemical  action  will  take  place ;  but  if  now  the  parts  of 
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the  coke  tad  zinc  that  are  in  the  liquid,  or  the  parts 
thAt  are  outsicle,  be  tonched  together,  a  rapid  evolutioii 
of  hj'drogen  gaa  will  take  place,  together  with  the  format 
tion  of  nnc  sulphate.  Aiid  exactly  the  same  effect  is 
produced  when  a  piece  of  zinc  containing  impuritiee  is 
dipped  into  dilute  acid.  This  local  action,  however, 
can  be  prevented  by  coating  the  snrface  of  the  linc 
with  an  "  amalffaTii "  of  zinc  and  mercury,  or  "  aTnalffa- 
meUing "  the  zinc,  as  it  is  shortly  called,  this  amalgam 
—  covering  up  the  impurities.    To 

amalgamate  a  piece  ef  zinc,  it 
should  be  dipped  into  dilat« 
sulphuric  acid,  to  cle&n  the 
surface,  when  a  little  m«<cni7 
should  be  rubbed  over  the  zinc 
with  a  piece  <A  rag  tied  to  a 
stick.  A  plat«  of  commercia] 
zinc  amalgamated,  although 
much  cheaper  than  a  plate  of 
pure  zinc,  does  not  give  an 
£.  M.  F.  as  constant  as  is  ob- 
tained with  a  pure  zinc  plate. 
134.  Orove'B  Cell— In  Uke 
■  "Grove't"  cell  the  copperplate 
in  the  Daniell's  cell  is  replaced  by 
jy.  gi  a  sheet  of  platinum,  F,  Fig.  81 , 

and  the  solution  of  copper  sul- 
phate hj  strong  nitric  acid.  Dilute  sulphuric  acid,  in  the 
proportion  of  about  one  pint  of  acid  to  ten  pints  of 
water,  in  used  in  place  of  zinc  sulphate  solution,  since,  with 
the  Grove's  cell,  we  wish  to  obtain  the  bigheet  £.  M.  F., 
and  the  lowest  resistance  rather  thnn  very  great  con- 
stancy. The  E.  M.  F.  is  about  193  volts,  and  with  good 
jKirous  cells  the  reri«laiux  t*  very  low,  being  only  about 

A 

where  <f  u  the  dietance,  in  inches,  between  tlie  jilAtuiiijD 
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ftnd  the  zinc  pifttea,  and  A  the  areai  in  squtre  inches,  of 
the  platannm  plate  inunened  in  the  nitric  mad.  If,  m  ie 
frequently  the  caae,  the  zinc  plate  z  z  it  cut  in  the  shape 
shown  in  Fig.  81,  A  must  be  xeokoned  on  both  sides 
of  the  platinum  plate  p.  When  the  cell  has  the  dimen- 
sions indicated  in  the  figure,  the  resistance  is  about  0*15 
ohms  when  the  nitric  acid  is  strong,  and  the  dilute  sul- 
phuric acid  has  but  little  zinc  sulphate  in  it.  After  a 
Giore's  cell  has  been  sending  a  current  for  some  time,  the 
nitric  acid  becomes  weakened,  as  water  is  formed  by  the 
act&Mi  of  the  cell,  and  a  considerable  quantity  of  zinc 
sulphate  is  ^alao  dissolved  in  the  dilute  sulphuric  add, 
boUi  of  which  ha>eihe  effect  of  diminishing  the  K  M.  F., 
and  increasing  the  resistanee  of  the  celL 
The  chemical  action  is  as  follows : — 


Before  aending  a  cuireDt 

*(Pt)-h^HNOJ  I     m(Hj80J-h#i(Zii), 

■iter  flendiiigf  a  current  A 

*(Pt)  +  (/-2)rHN0J  3     (m-DCHjSO^  +  CZnSO,) 


+(N,0^+2(H,0)  I  +(*^-l){Zii) ; 


Uie  water  originally  in  the  cell  being  omitted  for  simpli- 
fication.  Peroxide  of  nitrogen,  "Nfi^  comes  off  as  a 
dark  brown  gas,  extremely  unpleasant  and  unhealthy 
when  breathed  for  any  time ;  a  Grove's  battery  should, 
therefore,  always  be  placed  either  in  the  open  air  or 
under  a  chimney  when  in  use. 

The  large  E.  M.  F.,  combined  with  the  small  resist- 
ance, makes  Grove's  cells  very  valuable  when  a  very  strong 
current  has  to  be  produced ;  hence,  before  the  perfection 
of  the  dynamo  and  of  secondary  batteries,  they  were 
largely  used  for  the  production  of  the  electric  light 

125.  fionsen's  CelL— The  ^^Bimaen's"  cell  differs  from 
the  Grove's  only  in  having  a  cylinder,  or  block,  of  carbon 
in  place  of  the  sheet  of  platinum,  as  seen  in  Fig.  82, 
which  shows  a  common  form  of  circular  Bunsen's  ceU, 
C  being  the  carbon,  and  Zn  the  zina     A  Bunsen*s  cell  is 
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cheaper  to  construct  than  a  QroTe's  cell,  as  carboa  is  so 
much  less  expensive  than  platinum  ;  it  is,  however,  more 
cumbersome,  and  more  nitric  acid  is  retjuired  to  fill  it,  as 
the  nitric  acid  soaks  into  the  pores  of  the  carbon.  The 
E.  M.  F.  of  a  Bunaen's  cell  is  also  somewhat  lower  than 
that  of  a  Grove's,  although  the  chemical  action  in  the 
two  cells  is  nearly  the  sama 

The  carbons  for  the  BunsMi's  oeUs  are  either  cut  out 


of  retort  earbon,  or  are  made  by  baking  in  a  furnace  fine 
coke-dust  and  caking  coal  in  an  iron  mould  ;  then,  in 
accordance  with  a  process  invented  by  Bunsen,  the  baked 
mass  is  soaked  repeatedly  in  thick  syrup  or  gas-tar,  and 
re-baked  to  impart  solidity  and  conducting  power  to  it. 

126.  Leolanch^  Cell— The  "  Leclanchi"  cell  consists, 
as  seen  in  Fig.  83,  of  a  zinc  rod  to  the  left  of  the  figure, 
immersed  in  a  solution  of  ordinary  »al  ammoniac,  and  a 
plate  of  carbon  put  inside  a  porous  pot,  and  pucked 
tightly  with  a  mixture  of  the  needle  form  of  manganese 
peroxide  and  broken  gaa-carbon.      Both  the  manganese 
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peroxide  uid  the  gas-carbon  mnst  be  sifted  to  remove  the 
dost,  in  order  tiaX  ma  mach  sarface  as  possible  may  be 
exposed  to  the  action  of  the  liquid.     The  porous  pot  is 
merely  for  the  purpoee  of  holding  the  mixture  in  posi- 
tion, and  not  for  keeping  two  liquids  separated,  as  in  the 
cells  previously  described  ;  for,  in  fact,  there  is  only  one 
liquid    on    both    sides  of    the 
porous  pot — the  solution  of  sal 
smmoniac.     The  upper  part  of 
the  porous  pot  is  dosed  with 
pitch,  in  which  a  small  hole  is 
left,  so  that  &  little  water  or  a 
little  aolntion  of  sal  ammcniiac 
may  be  poured  in  to  start  the 
action. 

The  chemical  action  is  m 
follows :  — 
Before  Bending  a  current 

after  Bending  a  cmrent 

iC+(i-a)CMnO,)+J«-2)(NH/n) 
+  (Mn,OJ  +  2(N^  +  (H,0)  + 
(ZnC10+r"-l)(Zn). 

Ammonia,  N'Hg,  therefore, 
oomes  off  from    the   oell,  and  rig.  bs. 

substituting  the  atomic  weight 

we  see  that  for  every  60  graios  of  rinc  used  up  about  82 
grains  of  sal  ammoniac  are  consumed,  and  about  134  grains 
of  manganese  peroxide,  MnOg,  are  reduced  to  the  lower, 
or  sesqui-oxide,  Mn^Oj.  If  too  little  sal  ammoniac  be  pre- 
sent, zinc  oxide  is  formed  instead  of  zinc  chloride,  and 
the  solution  becomes  milky.  When  this  happens,  more 
sal  ammoniac  should  be  added.  Connection  with  the 
carbon  rod  is  made  by  means  of  a  lead  cap  cast  on  it ; 
and  to  prevent  a  salt  of  lead  being  formed  between  the 
cap  and  the  carbon,  which  would  introduce  a  high  resist- 
ance, the  end  of  the  carbon  rod  is  heated  for  an  hour  in 
~  I  wax,  at  a  temperature  of  110°C.,  before  the  c^ 
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is  cast  on,  then  two  quarter-inch  holes  are  drilled  side- 
ways through  the  carbon,  and  the  cap  cast  on,  the  lead 
which  runs  into  these  holes  serving  as  riyet& 

The  E.  M.  F.  of  a  Leclanch^  cell  is  1-47  volts,  but 
it  fiedls  rapidly  when  the  cell  is  used  to  send  a  strong 
current.  It  will,  however,  regain  its  value  if  the  cell  be 
left  for  some  time  unused,  and  '  it  does  not  sensibly 
diminish  when  the  cell  is  put  on  one  side,  even  for  some 
months.  Hence,  while  the  Ledanche  cell  ie  much  in- 
ferior to  the  DanieWs  for  the  purpose  of  sending  a  steady 
current  for  an  hov/r  or  t/wo,  it  is  fnuch  superior  to  the 
DanieU  for  tlie  sending  of  vnUrmittent  currents  at  any 
time  during  the  course  of  many  months— for  example^ 
stich  currents  as  are  employed  for  the  ringing  of  electric 
bells. 

127.  Potash  Bichromate  Cell. — ^These  cells  are  some- 
times made  without  a  porous  cell,  as  seen  in  Fig.  84,  and 
sometimes  with,  as  seen  in  Fig.  85.  The  plates  employed 
are  of  carbon  and  zinc,  and  in  Fig.  84  the  two  outer 
plates  are  of  carbon,  and  dip  continuously  into  the  liquid, 
while  the  middle  plate  is  of  zinc,  and  is  only  pushed 
down,  by  means  of  the  handle  a,  into  the  liquid  when 
it  is  desired  that  the  cell  shall  send  a  current,  and  with- 
drawn as  soon  as  the  current  is  interrupted.  The  follow* 
ing  is  the  best  composition  to  give  to  IJie  liquid  : — 

Potash  bichromate        lib. 

Strong  sulphimo  acid  ...        ...        ...        2  lbs. 

w  aier     ...        .».        ...        •••        ...      izidb. 

or,  as  it  is  inconvenient  to  weigh  the  sulphuric  add  and 
the  water,  ten  pints  of  the  ^ame  composition  may  be 
made  as  follows  : — Add  with  constant  stirring  to  0'832 
pints  of  sulphuric  acid,  having  a  specific  gravity  of  about 
1*836,  0*955  lbs.  of  pulverised  commercial  potash  bichro- 
mate, KgCrjiOY  ;  and  when  the  formation  of  the  chromic 
acid,  OrOj,  and  potash  sulphate,  KoSO^,  produced  by 
the  mixture,  is  completed,  pour  in  slowly  9*2  pints  of 
cold  water.  The  liquid  will  become  gradually  warm^ 
and  the  crystialline  pi^edpitate  be  entir^y  dissolved. 
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Hie  chamica]  ution  prodnced  by  this  miziiig  may  be 
represented  m  follows : — 

KjCtjO,  +  7H^0.  =  2C?rO,  +  KjSO^  +  HjO 

ftnd  the  chemical  action  that  takee  place  in  the  oell  dar- 
ing the  passage  of  the  current  consists  in  the  formation 


of  chromium  sulphate,  Grg3(S0f)  ;  zinc  sulphate,  ZnSO^ ; 
lod  water,  HjO,  and  may  be  represented  thus  : — 
2CrO,  +  6Hi,SO.  +  3Zn  =  OjafSOJ  +  3ZnS0, 
+  6HjO. 

This  cell  gives  rise  to  no  disagreeable  fumes,  Las  a 
higii  E  M.  F.  of  something  like  two  voltfl,  imd  a  low  in- 
ternal resistance.  The  K  H.  F.,  however,  i-apidly  faHs 
when  the  cell  ia  employed  to  send  a  strong  cun'ent  con- 
tinnouslj,  but  recovers  its  original  value  when  the  cell 
has  remained  out  of  action  for  some  tima 

With  the  type  of  potash  bichromate  cell,  having  a 
porous  pot,  the  zinc  z  (Fig.  66)  is  frequently  cast;  in  the 
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form  of  a  block,  on  to  a  stout  copper  wire^  carrying  the 
binding  screw,  and  both  the  block  and  the  wire  are  well, 
amalgamated.  In  the  porous  pot  containing  the  zinc, 
there  is  put  a  small  quantity  of  mercuiy  to  maintain  the 
amalgamation,  and  either  dilute  sulphuric  acid,  in  which 
case  the  chemical  action  is  the  same  as  in  the  cell  with- 
out the  porous  pot,  or,  instead,  a  solution  of  common 
salt,  NaOl,  when  zinc  c^oride,  ZnCl^i  is  formed  instead 
of  zinc  sulphate,  and  sodium  sulphate,  Na^SO^,  in  addi- 
tion to  the  chromium  sulphate.  The  complete  chemical 
action  is  in  this  latter  case  : — 

Before  sending  the  current  -^ 

After  sending  the  current  s 

AC  +  (^-2)  CrO,  +  I     (m-6)  NaQ  +  SNajSO^  + 

3(^2)Hy804+Crj3(SOj    £         8ZnCl2+6H40+(»-3).Zn. 

When  the  supply  of  potash  bichromate  becomes  ex- 
hausted, the  orange  colour  of  the  solution  turns  blue,  and 
when  this  change  of  colour  is  observed,  more  potash 
bichromate  should  be  added  If,  however,  the  cell  be- 
gins to  fail  when  the  orange  colour  still  remains,  then 
more  sulphuric  acid  is  needed 

As  no  other  form  of  current  generator  than  galvanic 
cells  need  be  employed  for  any  of  the  experiments  that 
precede  this,  or,  indeed,  for  many  that  follow,  the  descrip- 
tion of  dynamos,  thermopiles,  &c.,  will  be  deferred 

12i3.  Measuring  the  Electromotive  Force  of  a 
Current  Generator.  —  An  electrometer,  or  voltmeter, 
measures  the  potential  difference  at  its  terminalsi  and, 
as  shown  in  §  116,  page  204,  the  potential  difference  at 
the  terminals  of  a  generator  of  constant  K  M.  F.  is  equal 
to  its  E.  M.  F.  when  no  current  is  flowing,  and  practically 
differs  but  very  little  from  its  K  M.  F.  when  but  an 
extremely  small  current  is  flowing.  Hence,  to  measure 
the  K  M.  F.  of  a  generator  of  constant  E.  M.  F.,  we  must 
arrange  that  either  it  shall  send  no  current  at  all,  or,  at 
any  rate,  but  a  very  small  one.  The  flrst  condition 
can  be  fulfilled  when  an  electrometer  is  employed,  and 
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the  second  even  with  a  voltmeter  if  it  has  a  very  large 
resistanoe.  In  order  to  ascertain  how  large  this  resist- 
ance may  be,  we  most  consider  the  equation 

r  +  6 

and  from  that  we  see  that  in  order  that  V  may  be 
practically  equal  to  E  it  is  necessaiy  that  r  and  b  should 
be  practically  equal  to  r;  that  is,  r  must  be  large  compared 
with  6,  and  hence  the  battery  must  be  sending  a  very 
small  current  through  the  voltmeter,  compared  with  what 
it  could  produce  if  its  terminals  were  joined  with  a  short 
bit  of  thick  wire.  {See  §  131,  page  231,  and  following  sec- 
tions, for  further  details  about  measurement  of  E.M.Fs.) 

129.  Measuring  the  Besistances   of  Batteries. — 

We  have  already  seen,  in  §  116,  page  205,  one  way  of 
determining  the  resistance  of  a  battery  without  the  aid 
of  a  resistance  box,  by  making  simultaneous  measure- 
ments with  an  ammeter  and  voltmeter.  This  method  is 
particularly  suitable  to  be  employed  with  current  gene- 
rators of  very  low  resistance,  such  as  accumulators,  since 
sach  generators  would  send  a  very  powerful  current 
through  any  coD  having  a  resistance  comparable  with 
their  own,  and  this  current  would  tend  to  heat  such  a 
ooil,  and  alter  its  resistance,  unless  it  were  made  of  very 
thick  wire.  Hence,  it  would  be  very  difficult  to  employ, 
with  such  a  generator,  resistance  coils  having  perfectly 
(constant  and  known  resistances,  imless  their  value,  com- 
pared with  the  resistance  of  the  generator,  was  so  high 
that  the  slightest  proportional  error  in  the  value  of  the 
coils  would  make  a  serious  error  in  the  determina- 
tion of  the  resistance  of  the  generator,  just  as  a  large 
eiTor  would  probably  be  introduced  if  an  attempt  were 
made  to  weigh  a  few  grains  of  some  powder  in  a  weigh- 
ing machine  suitable  for  weighing  a  hundredweight 
B^inners  are  apt  too  frequently  to  forget  that,  although 
a  coil  of  10,000  ohms,  and  another  of  -riijth  of  an  ohm, 
may  be  put  in  boxes  of  about  the  same  size,  there  is  the 
p 
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flame  sort  of  difference  between  these  resistances  as  be- 
tween twelve  pounds  and  one  grain,  or  between  thirty 
tons  and  one  ounce,  and  hence  that  apparatus  which  is 
arranged  to  measure  the  one  is  totally  unsuitod  to 
measure  the  other. 

With  current  generators  of  constant  K  M.  F.,  and 
having  higher  resistances,  the  following  methods,  with 
which  resistance  coils  of  known  value  a:re  employed, 
may  be  used. 

Ist.  Let  C  and  0',  as  determined  from  the  deflections 
on  a  galvanometer  and  reference  to  the  relative  calibra- 
tion curve,  be  the  relative  strengths  of  the  currents  pro- 
duced by  the  generator  when  resistances  r  and  r^  in 
ohms  are  introduced  in  the  circuit ;  then,  if  &  be  the 
resistance  in  ohms  of  the  generator,  g  that  of  the  galva- 
nometer, and  E  the  K  M.  F.  in  volts — which  latter  need 
not,  however,  be  known — 

E  EC 

6  +  r  +  fir     '     64-r'+gr  ""  C* 

6  +  r  +  ^       C  • 

.        i._0X^^+y)-C(r-hr7) 

O-C 

If  r  and  /  be  so  chosen  that  0  is  twice  C,  then 

b  =  r'-2r-^. 

2nd.  Let  C  and  0'  be  the  relative  strengths  of  the 
currents  produced :  first,  when  the  galvanometer  is  un- 
shunted,  and  a  resistance  r  ohms  introduced  in  the  main 
circuit ;  secondly,  when  the  galvanometer  of  resistanoe  g 
ohms  is  shunted  with  a  shunt  of  8  ohms,  and  when  a  re- 
sistance /  ohms  is  in  the  main  circuit,  tiien 

E ^  _«_  E  _  C 

6+r-hflr   ■   8+g  ^^^'^^  ■"  CrV 


or 
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C(»+^)-Cir. 

If  •  and  r'  be  so  selected  by  trial  tb&t  C  equals  0, 
Uien  we  have 

9 

The  objection  to  both  these  methods  is  that  on  ao- 
ooont  of  the  variation  in  the  current  strength,  and  on 
aoconnt  of  the  time  that  each  of  the  two  currents  C  and 
C  has  to  be  allowed  to  flow  until  the  deflection  of  the 
galvanometer  needle  becomes  steady  in  each  case,  the 
£.  M.  F.  and  resistance  in  some  t7i)es  of  cells  is  liable  to 
tmdei^o  a  change  &om  polarisation.  On  this  account 
the  **  condenser  method  of  measuring  the  resistance  oj 
current  generaAors^  described  in  §  184,  page  342,  is  to  be 
preferred. 

Exa/mple  50. — ^A  Darnell's  battery  produces  a  deflec- 
tion of  38^  on  a  tangent  galvanometer  when  a  resistance 
of  27  ohms  is  inserted  in  the  circuity  and  a  deflection  of 
46°  when  this  resistance  is  reduced  to  12  oh  ma  What 
is  the  resistance  of  the  battery  if  that  of  the  galvanometer 
be  2|  ohms) 

Inserting  these  values  in  the  eqtiation,  we  have 

tan.  38°x(27  +  2^)- tan.  46°x  (12  +  2^) 

"■  tan.  46° -tan.  38°. 

Answer. — 31^  ohins  about 

Example  51. — ^With  a  galvanometer  having  a  resist- 
ance of  half  an  ohm,  and  constructed  so  that  the  angular 
deflection  is  directly  proportional  to  the  current,  a  bat- 
tery of  20  Qrove's  cells  in  series  produces  a  deflection  of 
28  divisions  when  a  resistance  of  two  ohms  is  inserted, 
and  14  divisions  when  a  resistance  of  eight  ohms  is  in- 
•erted.    What  is  the  resistance  of  the  battery  t 
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If  6  be  the  resistance  of  the  entire  batteiy, 

6  =  8-2x2-1 

Answer. — 3|^  Qhin& 

Example  52. — When  four  ohms  are  introduced  into 
the  circuit  of  a  sine  galvanometer,  having  6  ohms'  re- 
sistance, and  a  Ledanch^  oell,  a  deflection  is  produced 
corresponding  with  a  necessary  rotation  of  the  sine  gal- 
vanomett^r  through  22^.  When,  however,  the  sine  galva- 
nometer is  shunted  with  two  ohms,  the  rotation  required 
is  only  8^     What  is  the  resistance  of  the  Leclanch^  cell  % 

Substituting  the  values  in  the  equation,  we  have 

^  _   sin.  22°x(4-|-6)x2-sin.8°x{(2-h6)x4  +  2x6} 

sin.  8°  X  (2  +  6)  -  sin.  22°  x  2 

ATiswer. — 4  ohms  about. 


Example  53. — ^The  same  deflection  is  produced  on  a 
galvanometer  of  2\  ohms'  resistance,  when  8  ohms  are  in 
circuit,  as  when  only  2  ohms  are  in  circuit,  and  the  gal- 
vanometer is  shunted  with  2  ohms.  What  is  the  resist- 
ance of  the  current  generator  ? 


2x(8~2)--2|x2 

•    01  ' 


2. 
Ansioer, — 2-|  of  an  ohm. 

In  making  measurements  of  the  resistance  of  bat- 
teries by  any  of  the  foregoing  methods,  care  must  be  taken 
not  to  introduce  into  the  circuit  resistances  that  are  very 
large  compared  with  the  resistance  of  the  battery  which 
we  desire  to  And,  since  any  error  in  such  a  high  resistance 
will  probably  introduce  a  large  error  iuto  the  answer.  For 
example,  suppose  it  be  desired  to  use  a  galvanometer 
which  happens  to  be  so  delicate  that  on  attaching  the 
battery  directly  to  its  terminals,  so  large  a  deflection  is 
produced  that  it  requires  a  considerable  i^esistance  to  be 
introduced  into  the  circuit  to  reduce  this  deflection  to 
readable  limits,  then  it  would  be  better  to  reduce  the  prac- 
tical sensibility  in  some  other  way  than  by  adding  resistanoe 


t    1 
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in  the  main  circuit.  This  may  be  done  either  by  putting 
a  magnet  near  the  galyanometer  or  by  shimting  it  In 
the  latter  case  the  ^nnted  galyanometer  would  take  the 
place  of  the  simple  galvanometer  in  the  first  method 
given  above  for  determining  the  resistance  of  a  battery, 
and  of  the  unshnnted  galvanometer  in  the  second  method  ; 
the  second  experiments  referred  to  in  the  second  method 
being  performed  with  the  galvanometer  shunted  with  a 
different  shunt 

For  example,  suppose  we  desire  to  determine  the  re- 
sistanoe  of  a  battery  that  we  know  to  be  about  one  ohm, 
and  the  only  galvanometer  available  is  a  very  delicate  one, 
having  1,000  ohms'  resistance,  how  should  we  proceed  f 
The  deflection  can  be  reduced  to  readable  limits  either  by 
inserting  a  large  resistance  into  the  circuit,  or  by  putting 
a  magnet  near  the  galvanometer,  or  by  shunting  it.  As 
the  resistance  of  the  galvanometer  is  1,000  ohms,  which 
is  large  compared  with  that  of  the  battery,  introducing 
another  large  resistance  into  the  circuit  for  the  purpose 
of  diminishing  the  deflection  would  only  increase  the 
probable  error  due  to  the  large  resistance  in  the  circuit 
Putting  a  magnet  near  the  galvanometer  would  be  better 
than  this,  but  a  still  better  method  would  be  to  shunt 
the  galvanometer,  because,  if  it  be  very  sensitive,  a  suit- 
able deflection  may  be  obtained  with  a  shunt  perhaps  of 
one  or  two  ohms,  and  with  one  or  two  ohms  in  the  main 
circuit  Suppose  with  a  shunt  of  two  ohms,  and  a  re- 
sistance of  three  ohms  in  the  main  circuit,  a  deflection 
extending  over  about  half  the  scale  is  obtained,  then  this 
arrangement  can  be  well  used,  either  for  the  flrst  or  for 
the  second  method  of  n^easuring  the  battery  resistanca 
For  carrying  out  the  first  method,  we  may  make  two  tests, 
the  first  with  the  three  ohms,  and  the  second  with,  say, 
one-and-a-half  ohms  in  the  main  circuit,  the  galvano- 
meter being  shunted  in  each  case  with  the  two  ohms,  and 
having,  therefore,  a  combined  resistance  with  the  shunt  of 

^2^——~  ohma     For  carrying  out  the  second  method  we 
2+1000  ^  ^ 
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might  make  the  same  first  test  as  before,  but  the  seoond 
might  be  made  with  an  interposed  resistance  of  perhaps 
one^nd-a-half  ohms  in  the  main  circait,  and  with  the 
galvanometer  shunted  with,  say,  one  ohm  instead  of  the 
two  ohms  previously  employed. 

To  ascertain  what  is  the  formula  to  be  employed 
in  this  case,  let  r  and  r'  be,  as  before,  the  resistances  put 
into  the  main  circuit  in  the  two  tests,  and  s  and  s'  the  two 
shunts  employed,  then 

«  E  «  E  0 

s+g  8  +  g 

0Xs''^g)'08\8+g) 

If  the  battery  be  one  that  does  not  polarise  quickly, 
that  is,  be  one  in  which  the  K  M.  F.  does  not  fall  rapidly 
when  the  battery  sends  strong  currents,  then  the  best  way  of 
caiTying  out  the  first  meth<>d  of  measuring  the  resistance 
of  the  current  generator  with  a  delicate  galvanometer,  is 
to  put  no  resistance  r  in  the  main  circuity  but  to  shunt  the 
galvanometer  with  a  shimt  that  has  a  very  small  resist- 
ance compared  with  the  battery,  and  yet  is  not  so  small 
but  that  a  suitable  deflection  may  be  obtained.  Now  intro- 
duce such  a  resistance  r'  into  the  circuit  that  the  current 
through  the  galvanometer  becomes  halved,  then  this  re- 
sistance is  necessarily  equal  to  S,  since  b  was  practically 
the  whole  of  the  resistance  in  the  circuit  before  the  intro- 
duction of  /. 

180.  P.  D. — ^Throughout  the  remainder  of  this  book 
the  letters  '<  P,  DJ"  will  be  used  to  stand  for  potential 
difference,  in  the  same  way  as  the  letters  K  M.  F.  are 
universally  now  employed  to  stand  for  electromotiva 
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loica  Aa  these  letters  P.  D.  are  here  proposed  as  a 
new  abbreviation,  the  ordinary  cumbersome  expression, 
''difTeraice  of  potentials,"  has  been  used  up  to  this  point  in 
the  book,  in  oitler  to  familiarise  the  reader  with  the  mean- 
ing of  an  expression  that  he  will  frequently  meet  with. 

191..  Comparing  the  Electromotive  Forces  of 
Batteries. — ^The  relative  electrouiotive  forces  £  and  £' 
of  the  batteries,  or  other  current  generators  of  constant 
£L  M.  F.,  can  be  compared  by  observing  the  resistance 
through  which  they  will  send  equal  cun*ents.  Let 
6  and  b'  be  the  resistances  of  the  batteries  themselves, 
and  r  and  r'  the  resistances,  including  in  each  case  that 
of  the  galvanometer,  which,  added  to  the  resistances 
b  and  b'  respectively,  cause  the  cuiTents  in  the  two  cases 
to  be  equal,  then 

E     __     E' 

.    E        6  -hr 


•  • 


E'       b'  +  r' 

If  the  galvanometer  is  sensitive,  so  that  r  and  r', 
which  each  include  the  resistance  of  the  galvanometer, 
are  large  compared  with  6  and  6'  respectively,  then 

E        r  .        . 

^,  =  7  approximately. 

The  preceding  meiJiod  of  comparing  E.  M.  Fa.  hoe 
ihe  advantage  that  the  law  of  the  gaXvanometer  need  not 
be  known. 

If  the  currents  be  not  the  same,  let  C  and  0'  be  the 
relative  current  strengths  obtained  from  the  deflection  of 
the  galvanometer  and  reference  to  the  calibiation  curve^ 
then 

£     ^      E'     _  0^ 

6  +  r  '    b'  -{^r'"  (y' 

E         6+r       0 


er 


E'     6  +  /    cr 
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And,  as  before,  when  r  and  /  aro  large  compared  with  i 
and  6'  respectively, 

—  s-  _  .   _  approxiiLiately. 
E'      /      0' 

Another  method  for  determining  the  ratio  of  £  to  £' 
consists  in  first  joining  the  batteries  up  together  so  that 
they  assist  one  another  in  sending  a  current,  and  secondly 
in  joining  them  up  so  as  to  oppose  one  another's  action. 
Let  C  and  C  be  the  relative  strength  of  the  currants  in 
the  two  caMB  aaoerteined  from  the  deieeticm  of  the 
galvanometer  and  the  relative  calibration  curve^  then  if 
p  be  the  total  resistance  in  circuit  in  the  two  casea,  we 
have,  sinoe  p  remains  constant, 

E  +  E'       E  -  E'       0 


or 


p  C 

E-h  E'       0 


u* 


E  -  E'       C 

E  _  Cjh  0' 
E'  "  0  -  C' 

This  method  has  the  advantage  that  the  resistcmcet 
of  neither  of  t/ie  bcUteriea  nor  of  the  galvanometer  need 
be  known  ;  but  it  has  the  disadvantage  that  the  sending 
of  currents  in  opposite  directions  through  the  battery 
which  has  the  smaller  electromotive  force  is  very  likely 
to  alter  this  electromotive  force  during  the  experiments 

Example  54. — Two  batteries  having  internal  resist- 
ances of  10  and  15  ohms  produce  the  same  deflection 
on  a  galvanometer  of  40  ohms,  when  250  and  305  ohms 
are  respectively  introduced  into  the  circuit  What  ia 
the  ratio  of  their  E.  M.  F&  1 

Substituting  the  values  in  the  equation,  we  have 

E  _  104-40  +  250 
E'""  15+40+305' 
.•.    E'=  1-2  E. 
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EooampU  55. — ^Tlie  same  two  batteries  produce  the  same 
deflection  on  a  much  more  delicate  galvanometer,  having 
120  ohms'  resistanoe,  when  5,000  and  6,031  ohms  are  re- 
spcctivelj  introduced  into  the  circuit  What  is  the  ratio 
of  their  K  M.  Fk  ) 

Using  the  complete  formula,  we  have 

E  _  10  -h  120  -f-  5000 
£'"15  +  120  +  6031* 
or   E'  =  1*2  E  as  befora 
Fsmg  the  approximate  formuh^ 

E  _5000 

E'  ^  6031 ' 

or  £'  s  1-206  E, 

from  which  we  see  the  error  made  by  omitting  the  re- 
sistanoes  of  the  batteries  and  of  the  g^vanometer  in  the 
calculation. 

Example  56. — ^A  magneto-electric  machine  running  at 
a  certain  speed,  and  having  a  resistance  of  two  ohms, 
produces  on  a  tangent  galvanometer  a  deflection  of  30° 
when  a  resistance  of  2,100  ohms  is  introduced  in  circuit 
with  it  and  the  galvanometer,  which  has  three  ohms'  re- 
sistance. A  Daniell's  cell,  on  the  other  hand,  having  an 
£.  M.  F.  of  1  *07  volts,  and  one-and-a-half  ohms'  resistance, 
produces  a  deflection  of  45°  when  84  ohms  is  introduced 
in  the  drcnit  What  is  the  £.  M.  F.  of  the  magneto 
machine? 

If  E  be  the  K  M.  F.  of  the  machine, 

J_ 

Tj.      1  rt-       2100  v/3      ,  .     ^  , 

IS  =  i*U7  - — -— — __  X  — —  volts  approximately. 
3  +  1-5+84        I  fy  J 

Anstver. — 14-7  volts  approximately. 

Example  57. — What  about  is  the  E.  M.  F.  of  a 
Grove's  cell^  if»  when  joined  so  as  to  assist  a  Daniell's 
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cell  having  an  K.  U.  F.  of  M  volts,  a  rotatim  cj  38° 
of  a  sine  galvanometer  ia  neceeoaiy  to  be  nude  to  bring 
the  needle  to  the  fixed  mark,  whereaa,  when  the  Grove's 
cell  is  reversed,  a  rotatioii  of  abont  8^°  in  the  opposite 
direction  is  neoeasarj  t  Anawtr.  — 1  '83  volts. 

132.  Foggendorff'8  Method  of  Gompariiig  Iteetro- 
ntotive  Torcea. — With  maay  tjpes  of  cells  the  electro- 
motive force  is  fairly  constant,  even  for  wide  variations  in 
the  current  paasihg  through  the  cells,  and  in  snch  a  case 
any  of  the  previous  methods  can  be  employed  for  com- 
paring their  electromotive  farcee.  But  with  other  types, 
a  vety  small  current  passing  through  the  cell  is  sufficient 


to  diminish  the  electromotive  force.  In  saoh  a  case 
the  following  method,  due  originalty  to  Pt^>gendc«^  may 
be  employed.  From  what  has  preceded  we  know  that 
if  a  current  of  A.  amperes  flow  along  a  wire,  J  s,  the 
potential  difference,  or,  shortly,  the  P.  D.,  in  volts  between 
any  two  points,  L  H,  is  equal  to  the  product  of  A.  into  the 
resistance  r  of  the  wire,  in  ohms,  between  the  points  L 
and  It  Hence  if  l  and  k  (Fig.  86)  be  joined  1^  another 
circuit  containing  a  cell  or  battery  of  K  M.  F.  equal  to  E 
and  a  galvanoacope,  a,  and  if  one  or  both  of  the  ends  of 
this  second  circuit  be  moved  along  the  wire  j  s  oompoeing 
the  first  circuit  until  no  current  passee  through  the  gal- 
vanoBcope  a,  then  we  know  that  E  is  equal  and  opposite 
to  the  P.  D.  between  l  and  m,  or 
E  =  Ar. 
If,  now,  a  second  battery  of  K  M.  F.  equal  to  B*,  and  a 
Beoond  galvanoeoope,  o',  be  attached  to  two  other  points. 
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c  T,  of  the  wire  J  R  (Fig.  87),  the  points  u  &nd  T  being 
■0  seleoted  by  trial  tut  ao  cnrrent  pMoee  throogh  thia 
galTUUMCope,  tuid  if  r^  be  the  reaistanoe  of  the  wire  u  t, 

E'  =  A  /, 
.     E        r  . 


and  hence  the  two  R  M.  Fa.  can  be  compared-withont  our 
knowing  the  value  of  the  cnrrent  flowing  through  the 
wire  J  K.  If  the  generator  is  of  such  a  nature  as  to 
produce  a  eonatani  current  through  the  wire  j  k,  then 


there  is  no  occasion  to  nxe  two  galvsuoecopes,  as  the 
pdnts  L  and  h  can  be  fiist  aaoertained  with  the  first  cell, 
and  then  the  points  u  v  with  the  second,  such  that  in 
each  case  do  current  passes  through  the  galraaoscope. 
If,  however,  the  current  in  j  k  is  liable  to  fluctuate, 
then,  since  Uie  essence  of  the  test  depends  on  the  same 
currents  flowing  from  l  to  h  as  from  u  to  v,  it  is  better 
to  use  two  galvanoecopes,  and  make  the  two  teste  of  no 
ourrents  Uirough  the  galvanoscopes  simulttmeouslj. 

Of  course,  care  must  be  taken  to  attach  the  cells 
or  batteries  whose  K.  M.  F.  we  desire  to  compare,  in  such 
a  way  that  their  E.  M.  Fs.  tend  to  oppose  the  potential 
diSereuces  between  l  and  h  and  between  u  and  v  respec- 
tively, since,  if  either  of  the  cells  or  batteries  be  attached 
in  the  opposite  way,  no  two  points,  l  and  h  or  it  and  v, 
can,  of  course,  be  found  such  that  the  current  passing 
through  the  galvanoscope  attached  to  thera  is  nought. 

If  tiie  wii«  J  K  is  eTerywhere  uniform  in  material. 


236  PRACTICAL  KLECTRICITT.  fChaift.  ▼. 

section,  and  temperature,  the  resistances  r  and  r'  are 
simply  proportioned  to  the  lengths  L  m  and  u  y,  so  that 
the  E.  M.  Fs.  of  the  batteries  are  simply  proportioned  to 
the  lengths  of  l  m  and  n  v. 

Tlie  great  advantage  of  PoggencUnff*8  method  of  com- 
paring E.  M,  Fs.  18  that  the  comparieon  %8  made  tohen  neither 
of  the  batteries  is  sending  a  cwrrent ;  hence  the  same  result 
is  obtained  as  if  the  comp^son  had  been  made  with 
an  electrometer,  and  the  resistances  of  the  cells  under 
comparison  need  not  be  known.  And,  further,  the  sen- 
sibility of  the  test  may  be  far  greater  than  conld  be  ob- 
tained with  any  electrometer,  since  the  method  is  a 
^  null "  method,  that  is,  we  aim  at  obtaining  a  deflection 
noughty  instead  c^  measuring  the  deflectiona  corresponding 
with  the  currents  produced  by  the  batteries;  conse- 
quently the  galvanosoope  may  be  made  as  sensitive  as 
we  pleasa 

K  the  galTanometers  0  and  G'  be  both  sensitive,  the 
accuracy  of  the  method  will  be  the  greater  the  longer 
are  the  wires  l  m  and  u  ▼,  because  any  given  small  error 
in  the  position  of  one  of  the  sliders  corresponding  with 
say  a  millimetre  in  the  length  of  the  wire,  will  represent 
a  less  proportional  error  in  the  length,  and  so  r  and  r'  can 
the  more  accurately  be  compared.  Hence  it  is  desirable 
to  make  the  wire  3  v.  as  long  €u  possible,  and  to  send 
through  it  a  steady  current,  so  weak  that  the  P.  D.,  at 
its  exi^em^e  ends,  is  just  equal  to  the  lai'ger  of  the  two 
E.  M.  Fs.  to  be  compared.     {See  §  215,  page  413.) 

188.  Electromotive  Force  of  a  Cell  i8  Independent 
of  its  Size  and  Shape.— The  Darnell's  ceU  (Fig.  88)  is 
so  arranged  that  the  copper  plate  c,  which  dips  into  a 
solution  of  copper  sulphate,  may  be  made  to  approach, 
or  recede  from,  the  zinc  plate  z,  which  dips  into  a  solution 
of  zinc  sulphate  contained  in  a  porous  cell.  By  turning 
the  screw  p,  the  slider,  carrying  the  wire  supporting  c, 
can  be  clamped  in  any  position,  and  electric  connection 
can  be  made  with  the  binding  screws  B  a  Experiments 
made  with  this  cell  show  that,  aUhoiigh  the  resiskvnce  ^ 


Chtf.  v.]     K,  M.  P.    IHDEPUDSNT  OF  8KB   OF  CELL.  237 

Ae  eeU  itvaried  by  moving  the  copper  plate,  (A«  E.  M.  F. 
nmaitu  exaetiif  the  »ame.     Further,  if  the  screws  s  B  be 


Hg.  as. 
looeeued,  and  the  copper  and  zinc  plates  be  raised  up  as 
shown  in  the  lower  figure,  so  that  only  the  little  prqjec- 
tiotu  at  the  bottom  of  that  plate»  are  in  contact  witk  the 
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Itqnids,  the  E.  M,  F,  is  atUl  unaltered.  This  experiment 
may  be  quickly  made  by  using  Poggendorft's  method  to 
compare  the  E.  M.  F.  of  the  cell  with  movable  plates 
witli  that  of  a  Daniell's  cell  inth  fixed  plates,  since, 
as  already  explained,  Poggendorfi's  method  is  indepen- 
dent of  Uie  resistance  of  the  cells  compared.  The  con- 
denser method  of  comparing  E.  M.  Fs.,  described  in§  183, 
page  341,  may  conveniently  be  used  in  place  of  Poggen- 
doHf  s  method. 

1S4.  Calibrating  a  Galvanometer  by  Employing 
Known  Resistances  and  a  Cell  of  Constant  E.1LF. 
— We  have  seen,  in  §  26,  page  58,  that  a  galvano- 
meter can  be  calibrated  by  direct  comparison  with  a 
tangent  galvanometer ;  also  in  §  30,  page  64,  that  when 
the  controlling  force  is  that  produced  by  a  uniform 
magnetic  field,  and  when  also  the  galvanometer  can  be 
easily  turned  backwards  and  forwards  round  its  centre, 
the  employment  of  the  sine  principle  enables  us  to  cali- 
brate it  without  the  use  of  any  other  galvanometer.  We 
have  also  seen,  in  §  96,  page  164,  that  when  we  have  no 
other  galvanometer  at  hand  that  has  been  already  cali- 
brated, and  when  the  galvanometer  cannot  be  moved 
without  interfering  withits  adjustment,  which  is  generally 
the  case  when  we  are  employing  a  galvanometer  with  fibre 
suspension  and  levelling  screws,  we  may  calibrate  the  gal- 
vanometer by  employing  known  resistances,  when  a  con- 
stant P.  D.  is  maintained  at  the  terminals  of  the  circuit. 

The  same  thing  may  be  done  without  having  a  con- 
stant P.  D.  between  the  terminals  (Fig.  61,  §  96,  page 
165),  if  we  have  a  coll  of  conetarU  E.  M.  F.  of  E  volts 
instead.  Let  h  ohms  be  the  resistance  of  the  cell,  then,  if 
d^^  d^j  d^y  ^,  be  the  deflections  on  the  galvanometer, 
when  rj,  rg,  r^,  <kc.,  ohms  are  the  resistances  respectively 
in  R,  we  know  that  the  currents  producing  these  defieo- 
tions  are  respectively 

E                    E                       E  .  _ 
,    , ■ ,  Ac,  ampelrefl^ 


^^r 
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SO  tli&t  an  abeolute  cRiibration  curre  can  be  draw^  for 
this  g&Ivsnomater. 

If  the  E.  M.  F.  of  the  cell  is  not  known  in  Tolto,  bot 
if  we  &re  sure  that  it  is  constant,  we  can  draw  the  rela- 
tive calilR&tion  curve,  althoogh  not  the  absolute  one. 

In  order  to  see  quickly  the  kind  of  law  connecting 
deflection  and  oorrent  for  any  particular  galvanometer, 
it  is  convenient  in  making  this  experiment  to  select 
values  of  B,  such  that  b  +  g  +  r^  eqoals  j  (b  +  g  +  r,), 
{b  +  9  +  r,)  eqnals  J  {b  +  g  +  r,),  Ac,  since  in  that 
case  the  second  cnrrent  is  double  the  first,  the  third 
thrice  the  first,  &c.  Of  course  r,  should  be  chosen  so 
that  the  defection  corresponding  with  this  reeistanoe  is 
a  conTenienlly  small  one,  for  example,  about  10°  in  an 
ordinary  raivanometer  having  a  scale  reading  up  to  90°. 

135.  Arrangements  of  Cells- — A  battery  may  be 
f(»med  of  galvanic  cells,  or  elements,  as  they  are  some- 
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times  called,  in  a  variety  of  wayn.  All  the  cells  may 
be  "in  terUt,"  as  in  Fig.  89,  or  they  may  be  joined  nji 
all  "*«  pa/rolUl,"  as  in  Fig.  90,  or  "partly  in  Mriet 
and  partly  in  parallel,"  as  in  Fig.  91.  Theee  three 
BrrangemeiitB  are  symbolically  shown  in  A,  B,  c  (Fig.  92), 
where  the  long  thm  lines  stand  for  the  plates  in  the 
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battery  from  which  the  positiTe  electricity  flows ;  or, 
with  the  definitioQ  of  direction  of  current  we  h&ve 
already  adopted,  the  current  flows  in  the  circuit  out- 
side the  battery  from  the  plate  represented  by  the  long 
thin  line  to  that  represented  by  the  short  thick  hoe, 
while  in  the  battery  iteelf  the  current  flows  &oin  the 
short  thick  line  to  the  long  thin  one. 

For  example,  ia  the  DanielFg  cell,  which  consists^ 
as  previously  dencribed  in  g  119,  page  210,  of  a  plate  of 
copper  in  a  eolation  of  copper  sulphate,  separated  by  a 


porous  diaphragm  of  iinglazed  eartlienware  &Offl  a 
plate  of  zinc  in  a  solution  of  sino  sulphate,  the  Itmg 
thin  line  represents  the  copper  plate,  and  the  short  thick 
one  the  zinc  plate ;  the  wavy  line  in  each  case  stands 
for  the  copper  wires"  attached  to  the  copper  and  zinc 
plates  respectively.  In  the  Grove's  cell,  consisting,  as 
we  have  seen  in  §  124,  page  218,  of  a  platinum  plate 
in  strong  nitric  acid,  separated  by  a  porous  cell  from 
a  plate  of  zinc  in  dilute  sulphuric  acid,  the  long  thin 
line  represents  the  platinum  plate,  and  the  short  thick 
lice  the  zinc  plate.  In  a  Bvneen'g  cell,  which,  as  ex- 
plained in  g  125,  page  219,  diflers  only  from  a  Grove's  in 
that  the  platinum  plate  ia  repUced  by  a  carbon  one,  the 
long  thin  line  stands  for  the  uirbon  plate. 

When  all  the  cells  are  in  series,  the  total  current 
produced  by  the  battery  passes  through  each  cell ;  there- 
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fore  it  follows,  from  what  has  preceded  (§  115,  page  203), 
that  the  K  M.  F.  of  the  battery  is  equal  to  the  sum  of  the 
K  M.  Fs.  of  each  of  the  cells.  I^  on  the  other  hand,  the 
cells  are  joined  up  all  in  parallel,  the  current  divides  itself 
between  the  cells ;  and  if  the  cells  are  all  made  with  the 
same  materials,  but  not  necessarily  of  the  same  size  nor  of 
the  same  interiml  resistance,  the  total  chemical  action,  and 
therefore  the  total  amount  of  fuel  burnt  per  second,  is 
exactly  the  same  as  if  the  entire  current  went  throu^ 
one  of  the  ceUs.  Hence  the  E.  M.  F.  of  the  battery  is 
simply  that  of  any  one  of  the  component  cells.  The 
fesistance,  however,  of  the  battery  will  be  less  than 
that  of  one  cell,  as  the  road  for  the  current  through  the 
battery  is  made  wider  by  putting  cells  in  parallel ;  and 
if  the  cells  have  each  the  same  resistance  of  b  ohms,  and 
if  there  be  p  of  them  in  parallel^  the  resistance  'of  the 

battery  ia  —  ohms.     If  t^^e  cells  be  partly  in  series  and 

partly  in  parallel,  we  most  combine  the  last  two  sets  of 
conclusions,  so  that  if  the  E.  M.  F.  of  each  cell  be  e  volts, 
and  if  there  be  8  cells  in  series,  and  p  in  parallel,  the 
total  R  M.  F.  of  the  battery  E,  and  the  total  resistiance 
B,  will  be  given  by 

E  s  « e  volts, 

B  =  •—  ohms: 

P  ' 

so  that  if  A  be  the  current  in  amperes  which  the  battery 
sends  throu^  an  external  resistance  r, 

A                86 
sz -, 

r  +  1? 
P 

In  order  to  experimentally  test  the  accuracy  of  these 
results^  a  number  of  cells,  freshly  put  together,  and  having 
their  corresponding  plates  of  the  same  size,  the  plates  in 
the  different  cells  at  the  same  distance  apart,  and  the 
amount  of  liquid  in  each  cell  the  same,  should  be  joined 


242  P&ACTIOAL  BLECTBIOITY,  |<auq^.T. 

Up  in  a  variety  of  ways,  and  the  resistances  of  the  coia- 
binations  measured,  as  well  as  the  K  M.  Fs.  of  the  bat- 
teries compared  witii  the  E.  M.  F.  of  a  single  cell,  selected 
at  random  from  the  battery,  by  one  or  other  of  the  methoda 
of  testing  preriously  given.  The  cells  should  be  of  such 
a  type  that  the  K  M.  F.  of  each  cell  is  a  constant,  a  con- 
dition  very  satisfactorily  fulfilled  with  Daniell's  cells^  and 
to  avoid  the  cell  used  as  the  standard  having  a  higher  or  a 
lower  K  M.  F.  than  the  average  E.  M.  F.  of  the  cells 
employed,  different  cells  may  be  selected  from  the  com- 
bination as  the  standard  cell  in  the  different  experi- 
ment& 

ExoffnpU  58.  —  To  fiind  the  current  that  twelve 
Daniell's  cells,  each  having  a  resistance  of  0*6  ohm  and 
an  E  M.  F.  of  1  *1  volt,  can  send  through  an  external 
resistance  of  5  ohms  if  Uie  ceUs  be  formed  four  in  aeries 
and  three  parallel : 

4  X  11 


A  = 


6  +  fx0-6 


3 
Answer, — 0*76  ampere. 

Example  59. — How  many  such  Daniell's  cells  must  be 
used  in  series  to  send  a  current  of  1  ampere  through  an 
external  resistance  of  8  ohms,  if  one  line  of  cells  in  series 
only  be  employed  1 

I/et  X  be  the  required  number  of  cells,  then 

—      a?  X  I'l 
■"  8  +  05  X  0-6' 

.•.«!=  16. 

Example  60. — If  in  the  l^t  question  the  current  be. 

2  amperes  instead  of  1,  then  how  many  cells  will  be 

required) 

«  X  I'l 
2  = » 

8  +  aj  X  0-6 

.•.«=- 160. 
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Ilierefore  no  miinber  of  such  oeUa  pat  in  one  line  in 
aeries  oonld  send  thia  current.  In  fact,  if  one  cell  be 
shortHsircaited  inth  a  piece  of  thick  wire,  the  current  it 

wffl«nd^Ubei^.or  1-83  amperes,  and  thi.  i.  U»e 

maximom  current  one,  or  any  number  of  cells,  arranged 
simply  in  series,  can  send.  For  if  there  be  n  of  them 
arranged  in  series,  and  the  whole  be  short-circuited,  the 

current  will  be  r— —   or  1-83  amperes,  or,  simply,  the 

current  sent  by  one  cell  when  short-circuited.  Hence,  if 
there  be  any  external  resistance,  the  current  sent  by  one 
row  of  these  cells  in  series,  no  matter  how  many  there 
may  be  in  the  row,  will  be  less  than  1*83  amperes. 

Example  61. — Forty  exactly  similar  cells,  each  having 
xa  internal  resistance  of  f  ohm,  when  joined  in  series  send 
a  current  of  0*5  amperes  through  an  incandescent  lamp 
of  80  ohms'  resistance :  how  many  cells  in  series  would 
be  required  to  produce  the  same  current  through  each  of 
two  such  lamps  arranged  in  parallel  1 

'Let  e  be  the  K  M.  F.  of  one  cell  in  volts,  then 

40  X  6         _ 

80  +  40  X  0-75  ""  *' 

.'.  e=  1-375  volts; 

therefore^  if  «  be  the  required  number  of  cells, 

XX  1-375 

80  ■"    ' 

smoe  the  resistance  of  the  two  lamps  in  parallel  will  be 

80 

-r  ohms,  and  they  will  require  together  1  ampere, 

•  %  «  =  64. 

188.  Arrangement  of  a  Given  Number  (tf  Cells  to 
DiodiiiBe  the  Maadmum  Oarfent  through  a  given  Ex- 
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ternal  Bedstanca — If  N  be  the  total  numbw  of  cells 
employed  in  a  battery,  p  being  arranged  in  parallel,  and 
s  in  seriefl^ 

and  the  forinal»  on  page  241  may  be  written 

86 


A  = 


r  +  — 

N 


H  therefore,  we  desire  to  ascertain  what  arrangement  of 
a  definite  number  of  cells,  each  having  a  fixed  E.  M.  F.  of 
6  voHb,  and  internal  resistance  b  ohms,  will  give  the 
greatest  current  through  a  fixed  extemcU  renatanoe  qf  r 
ohms,  we  must  ascertain  what  value  of  s  will  make  the 
last  expression  a  maximum.  But  to  do  this  by  trial  by 
calculating  the  value  of  A  corresponding  with  each  gI 
a  very  large  number  of  values  of  a  would  be  extremely 
laborious,  and  a  far  better  plan  for  those  who  are  not 
acquainted  with  the  differential  calculus  is  as  follows : — 

Give  numerical  values  to  e,  r,  and  r;,  let  them  for  example 

be  2,  3,  and  4,  then  the  expression  becomes 

2s 

• 

8  +  4«V 

next  draw  a  curve  having  the  values  of  s  for  the  abaeisBn^ 
and  the  corresponding  value  of  the  expression  for  the 
ordinates,  and  ascertain,  from  the  shape  of  the  curve,  for 
what  value  of  s  the  expression  has  its  maximum  value^ 
then  that  value  of  «  is  the  value  required.  In  selecting 
values  for  s,  a  certain  amount  of  practice  is,  of  course^ 
necessary,  in  order  to  select  the  best  values,  but  one  may 
be  guided  by  remembering  that  if  on  taking  two  or  three 
values  of  s  we  obtain  practically  the  same  value  for  the 
expression  for  A,  it  can  be  no  use  taking  intermediate 
values  of  s. 

The  curve  obtained  for  A  has  the  general  shape  shown 


Mii^l 
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in  Fig.  93,  the  valaee  of  A.  being  oalcuUted  on  the  sup- 
podtioQ  that  e,  r,  and  -rz,  have  the  valn<>8  2,  3,  and  4  re- 


Fl«.  ss. 
spectivelj,  and  we  find  that  the  value  of  «  that  makes  A 
a  maximam  ia  abont  0'85,  and  this  is  the  value  ol  « 
which  makes  ^ ig 

-¥  =  '■ 
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or,  in  other  words,  the  proper  arrangement  of  a  given 
number  of  cells  to  send  the  maximum  current  through 
a  given  external  resistance  is  that  which  makes  the  re- 
siettance  of  the  battery  equal  to  the  external  resistance. 

The  curve  falls  more  slowly  for  values  of  s  greater 
than  that  which  makes  A  a  maximum  than  for  values  less 
than  this,  and  this  tells  us  that  the  current  will  be  not 
so  much  lessened  by  making  a  too  large  as  it  will  be  by 
making  it  too  small ;  hence  if  the  number  of  oeUs  and  the 
resistance  of  each  are  such  that  it  is  impossible  to  arrange 
the  battery  so  tliat  its  internal  resistance  is  equal  to 
the  fixed  external  resistance,  it  is  better,  when  the  ex- 
ternal resistance  is  midway  between  the  resistances  the 
battery  has  when  arranged  in  these  two  ways,  to  select  the 
arrangement  that  puts  rather  too  many  cells  in  series 
than  the  one  that  puts  rather  too  many  in  parallel.  For 
example,  suppose  we  have  twelve  ceUs,  each  having  a  re- 
sistance of  3  ohms,  and  we  desire  to  arrange  them  so 
that  they  send  a  maximum  current  through  an  external 
resistance  of  S|  ohms,  if  we  arrange  them  three  in  series 
and  four  in  parallel,  the  resistance  of  the  battery  will  be 

— - —  or  2^  ohms, 

on  the  other  hand,  if  we  put  them  four  in  series  and 
three  in  parallel,  the  resistance  will  be 

— —  or  4  ohms ; 

and  the  given  external  resistance  of  3|-  ohms  is  exactly 
half-way  between  2^  and  4.  Let  us  consider  the  cur- 
rents produced  by  these  two  arrangements  of  the  oeUs. 
With  the  first, 

if  0  be  the  E.  M.  F.  of  each  cell  in  volts.  With  the  seoond 
arrangement^ 
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The  first  reduces  to  -r  «  and  the  second  to  r^  e  ampere, 

8 
and  of  these  the  second  is  the  greater  by  ■         e  of  an 

ampere. 

Example  62. — What  is  the  least  number  of  Grove's 
cells,  each  having  an  £.  M.  F.  of  1  *8  volts,  and  an  inter- 
nal resistance  of  009  ohm,  that  must  be  arranged  in 
series  to  send  half  an  ampere  through  a  50  volt  incan- 
descent lamp  f 

This  question  may  be  solved  in  two  ways — we  may 
either  first  find  the  resistance  of  the  lamp  and  then  the 
number  of  such  Grove's  cells  that  it  is  necessary  to  put 
in  series  to  send  half  an  ampere  through  this  external 
resistance— or  we  may  consider  what  is  the  P.  D.  at  the 
terminals  of  such  a  Grove's  cell,  when  half  an  ampere  is 
passing  through,  and  hence  deduce  how  many  such  cells 
must  be  put  in  series  so  that  when  half  an  ampere  is 
passing  throu^  them,  the  P.  D.  at  the  terminals  of  the 
battery  is  50  volt& 

1.  The  resistance  of  the  lamp  =  —  ohms, 

i 
=:  100  ohmi^ 

•  *•     if  n  be  the  required  number  of  cellSi 

1  ^      .  n  X  1-8 

2  n  X  0O9  +  100' 
.  •.  n    =28-5. 

Hence,  28  cells  would  produce  rather  too  small  a  current, 
and  29  rather  too  much.  We  should  have,  therefore,  to 
choose  between  using  28  cells  and  having  the  lamp  not 
quite  bright  enough,  or  using  29  cells  and  having  it  a 
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little  too  bright,  or  osing  29  cells  and  interposiiig  a 
small  resistance  by  means  of  a  piece  of  wire  or  in  any 
other  convenient  way. 

2.  If  n  be  the  number  of  cells  in  series,  then  from 
§  116,  page  206,  the  P.  D.  maintained  at  the  tenninals 
ol  the  battery  equals 

»  X  1-8- in  X  009. 

And  this  is  to  equal  50. 
Hence, 

n  X  1-8-in  X  0-09  =  50, 

which  is  the  same  equation  as  was  used  before,  and  there- 
fore must  lead  to  the  same  value  of  ra. 

Example  63. — If  29  cells  were  used  in  series  in  the 
last  question,  what  must  be  the  value  of  the  added  re- 
sistance, so  that  the  current  through  the  lamp  may  be 
exactly  half  an  ampere  1 

Let  a  be  the  required  resistance  in  ohms,  then 

i  29  X  1-8 


2       29  X  0-09  +  100  +  X 
.  •.   05  =     0-895  ohm. 

ExcrnipU  64. — If  four  incandescent  lamps,  each  re- 
quuing  half  an  ampere,  and  50  volts  P.  D.  maintained 
at  the  terminals,  are  to  be  fed  with  Grove's  cells,  each 
having  an  E.  M.  F.  of  1*8  volts,  and  an  internal  resist- 
ance of  0*1  ohms,  what  arrangement  of  cells  and  of 
lamps  will  require  the  least  number  of  cells  to  be  used ) 

First,  let  the  four  lamps  be  put  in  series,  and  let  all 
the  cells,  n  in  number,  be  in  series,  then  the  P.  D.  at  the 
terminals  of  the  battery  must  be  4  x  50,  and 

n  X  1-8  -  i»  X  0*1  =  4  X  50, 

.•.     w=  114*3. 

Kext,  let  all  the  lamps  be  put  in  parallel,  and  all  tlia 
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odlB  in  aerieSy  then  the  total  current  required  will  be 
4  X  i  or  2  amperes,  therefore 

n  X  l-8-2n  x  0-1  =  50, 

.  •.  n  =  31-2; 

henoe,  32  cells,  with  a  small  resistance  interposed,  would 
give  the  required  current,  and  this  arrangement  of  all 
the  lampnt  in  parallel  would  only  require  about  one- 
quarter  of  the  number  of  ceUs  necessary  if  all  the  lamps 
were  in  seriea 

Various  other  cases  might  be  tried;  for  example, 
the  lamps  two  in  series,  and  two  in  parallel,  or  the  cells 
two  in  parallel  and  half  in  series ;  but  it  would  be  found 
that  all  the  cells  in  series,  and  all  the  lamps  in  parallel, 
is  the  best  arrangement. 

Example  65. — If  40  such  lamps  as  are  referred  to  in 
the  last  few  questions  instead  of  4  had  to  be  fed  with 
Grove's  cells,  what  would  be  the  best  arrangement  of  the 
ceUs  and  of  the  lamps  1 

Firsts  let  us  try  all  the  lamps  in  parallel,  and  all  the 
cells  in  series^  which  arrangement  we  found  was  the  best 
in  the  preTious  case,  then,  as  the  total  current  required 
will  be  40  x  ^  or  20  amperes,  and  the  P.  D.  at  the  ter- 
minals of  the  battery  50  volts, 

n  X  1-8  -  20n  x  0-1  =  50, 

or    n     =  -  260, 

a  negative  answer.  This  means  that  no  number,  no  matter 

how  great,  of  such  Grove's  cells,  if  the  cells  were  arranged 

in  series,  could  feed  20  such  lamps  if  {arranged  in  parallel ; 

and  the  reason  of  this  is  dear,  because,  if  one  Grove's 

cell  were  simply  short-circuited,  the  current  that  it  would 

produce  would  be 

1-8        la 

_  or  18  an^peree, 

hence,  no  number  of  such  Grove's  cells  arranged  in  series 
can  produce  more  than  18  amperes,  even  if  short-cir 
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cuited,  ahd  hence  they  can  only  produce  less  than  18 
amperes  if  there  be  any  external  resistance,  whereas  we 
want  them  to  produce  20  amperea 

Secondly,  let  us  try  half  the  lamps  in  parallel  and  two 
in  series.  In  that  case  the  total  current  must  be  10 
amperes,  and  the  P.  D.  100  volt& 

Hence  we  have 

n  X  1-8- 10 n  x  0*1  =  100, 

or  n  =  125. 

We  may  now  try  all  the  lamps  in  parallel  and  half 
the  cells  in  series,  and  two  in  parallel  Let  n  be  the 
number  in  series^  that  is,  half  the  total  number,  then 

n  X  1-8-20  ^JL2±  =  50. 

2 

.  • .     »  =  62-5. 

Consequently  the  total  number  of  cells  required  is  125. 
Hence,  whether  we  put  the  40  lamps  two  in  series  and 
20  in  parallel,  and  use  all  the  cells  in  series,  or  put  half 
the  ceUs  in  series  and  two  in  parallel,  and  use  all  the 
lamps  in  parallel,  exactly  the  same  number,  125,  of  cells 
is  required. 

lliere  is  one  other  arrangement  that  might  be  tried, 
viz,,  all  the  lamps  and  all  the  cells  in  series,  but  from 
what  we  saw  in  tiie  first  part  of  example  No.  64,  we  may 
anticipate  that  this  will  be  a  very  bad  arrangement. 
With  this  arrangement  the  current  required  will  be  half 
an  ampere,  the  P.  D.  40  x  50  Tolts, 

.  •.     »  x  1-8-tn  X  01  =  2,000, 

or   n  =  1,142-9. 

Hence  l,143cellswould  be  required  with  this  arrangement 

Example  66. — How  many  Daniell's  cells,  each  having 
an  K  M.  F.  of  1  *1  volts,  and  an  internal  resistance  of 
0*8  ohms,  would  be  required  to  feed  two  Edison  incan- 
descent lamps,  each  requiring  0*75  of  an  ampere,  and  110 
volts  at  its  terminala  f 


Chi9.T.J  BZAMPLBa.  251 

Que  inch  Darnell's  cell,  ahort-drciiited,  would  produce 

1.1 

—   or  1*375  amperesL 

0-8 

hence^  if  we  put  the  lamps  in  series^  one  row  of  Darnell's 
cells  in  series  will  produce  sufficient  current.  If,  how- 
ever, we  put  the  two  lamps  in  parallel,  then,  since  the 
total  current  must  be  1'5  amperes,  we  must  have  two 
rows  of  celk. 

First,  let  the  lamps  and  cells  be  in  series,  then 

»  X  11  -0-76  n  X  0-8  =  220, 

or  n  =  440. 

Second,  let  the  cells  be  half  in  series  and  two  in 
parallel,  and  let  n  be  the  number  in  series,  the  lamps 
being  still  in  series,  then 

nx  11-0  75^^^'^   =220, 

2 

or    n  =  275. 

Hence,  the  total  number  of  cells  necessary  will  be  550, 
or  this  arrangement  is  worse  than  the  preceding. 

Third,  let  the  cells  be  half  in  series  and  two  in 
parallel,  but  let  the  lamps  be  also  in  parallel,  then 

nxM-l-5^LiL^=,110, 

2 

or    n  =  220. 

Hence,  the  total  number  of  cells  required  is  440,  or  the 
same  as  in  the  firat  case. 

Fourth,  let  the  cells  be  three  in  parallel  and  n  in 
series,  and  let  the  two  lamps  be  still  in  parallel,  then 

nxM^l-5!!21±?=110, 

3 

.-.    w=  157-1, 
and  the  total  number  of  cells  required  would  be  472. 
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Therefore,  arrangements  Nos.  1  and  3  require  the 
least  number  of  cells,  but  with  any  arrangement  the 
number  of  Darnell's  cells  required  is  very  lai^  in  con- 
sequence of  the  high  resistance  of  the  cells,  and  of  the  fact 
that  the  greater  part  of  the  energy  is  expended  in  send- 
ing the  current  through  the  cells  themselvea 

Example  67. — How  many  lamps  in  parallel,  each  re- 
quiring 80  volts,  and  0*6  of  an  ampere,  can  be  fed  with 
42  accumulators  in  series,  each  having  1-95  volts  E.M.F. 
on  discharging,  and  0005  ohms'  internal  resistance  1 

Let  I  be  the  number  of  lamps,  i;hen,  since  the  total 
current  will  be  Z  x  0*6,  we  have 

42  X  1-95 -I  X  0-6  X  42  X  0-005  =  80. 

Answer. — 15. 

Exannple  68. — If  the  number  of  accumulators  in  the 
last  question  be  increased  by  one,  by  how  many  may  the 
number  of  lamps  be  increased  ) 

Answer, — The  number  of  lamps  may  now  be  29-8, 
that  is,  may  be  30  all  a  trifle  too  dull,  or  29  a  trifle  too 
bright,  unless  a  small  resistance  be  introduced.  The  ad- 
dition, therefore,  of  one  accumulator  practically  doubles 
the  number  of  lamps  that  can  be  fed  by  them« 

Example  69. — If  there  be  44  accumulators  in  series, 
and  if  46  lamps  be  fed  by  them,  each  Icunp  requiring,  as 
before,  80  volts  at  its  terminals,  and  0*6  of  an  ampere 
passing  through  it  when  properly  glowing,  how  much 
per  cent,  will  the  current  passing  through  the  lamps  be 
too  great  or  too  small  ? 

80 
The  resistance  of  eachlamp  is  —  or  1 33-3  ohms,  hence 

133*3 
the  resistance  of  all  the  lamps  will  be    -^--     or   2*899 

^  46 

ohms,  consequently  the  current  passing  through  them 

will  be 
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4txl'95 
44  X  0-005  +  2-899  ""^P®"^ 
or  27-51         „ 

The  current  that  ought  to  pass  through  the  lamps 
is  46  X  0*6,  or  27*6  amperea  Hence  the  current  is 
about  0*3  per  cent  too  smaJL 

187.  variation  produced  in  the  Total  Current  by 
Shunting  a  Portion  of  the  Circuit — ^We  can  now  cal- 
culate the  entire  effect  produced  on  the  current  passing 
through  a  galvanometer  of  resistance  ^,  by  shunting  the 
galvanometer  with  a  shunt  of  resistance  a.  Let  E  be 
the  K  M.  F.  in  volts,  and  b  the  resistance  in  ohmS|  of  a 
battery,  r  the  resistance  in  ohms  of  the  rest  of  the  cir- 
cuity excluding  the  galvanometer,  and  g  the  resistance  of 
the  galvanometer ;  tiien,  before  shunting,  the  current  O^ 
in  amperes,  that  passes  through  the  galvanometer,  is 
simply  the  whole  current  A^  that  passes  through  the  bat- 
tery, and  this  equals 

E 

amperes. 

After  shunting,  the  current  A^  now  flowing  through  the 
battery,  becomes  £ 

amperes^ 


6  +  r  + 


and  the  fraction of  this  passes  through  the  galva- 

9  -^  g 

nometer ;  therefore,  if  G^  be  the  current  now  passing 
through  the  galvanometer, 

G,  =  -! 5 

•  E 

"  (•  +  gyp  +  ••)  +  *9 
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J£  h  +  r  he   yerj   large  oompai^d  with  g^  then, 
approximately, 

^  «  E 


"« 

*  +  ff 

i  +  r' 

and 

A, 

= 

£ 
b  +  r' 

\ 

also  A, 

= 

£ 
i  +  r 

• 
•   • 

G, 

zzz 

§ 

A^ 

that  is  to  say,  the  current  passing  through  the  baittery 
and  through  r  is  practically  unchanged  by  shunting  the 
galyanometer,  and,  therefore,  after  the  galvanometer  has 

been  shunted,  it  is  not  merely  the  fraction of  A^ 

8  +  g 

but  of  Aj,  that  passes  through  the  galvanometer. 

s  +  g 

On  the  other  hand,  if  6  +  r  be  small  compared  with 
^,  then,  approximately, 

8g 
_   E 

and  G|  =  Ai  =  — , 

9 
.  • .     Gj  =  G^  approximately. ' 

8  O 

Hence,  as  long  as  — ^  is  larae  compared  with  ft  +  r, 

f  +  ^      :.     • 

that  is,  as  long  as  the  shunted  galvanometer  is  the  major 
part  of  the  whole  resistance  in  the  circuit,  shunting  the 
galvanometer  produces  no  diminution .  in  the  current 
Sowing  through  it     And  it  is .  n<yt  until  the  resistance 
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of  the  Bhnnted  galyanometer  is  reduced  to  a  yalue  oom- 
parable  with  h  -\-  r,  that  the  galyanometer  deflection  is 
aerionslj  diminished. 

JSxampie  70.^ — ^If  the  resistance  of  a  galvanometer  be 
1,000  duns,  what  must  be  the  resistance  of  a  shunt  to 
diminiRh  the  current  passing  through  the  galvanometer 
to  one-half,  first,  when  the  resistance  of  the  rest  of  the 
circuit  is  100,000  ohms ;  secondly,  when  it  is  only  100 
ohmat 

In  the  first  case  we  have 

«E  1  E 


(»  +  9){^-^r)  +  $g       2   b+r  +  g 
or  substituting 


(j  +  1,000)  X  100,000  +  •  X  1,000        2         101,000' 

.-.  f  =  990-1  ohms; 

that  IB,  «  is  only  a  little  less  than  1,000  ohms,  which 
is  the  resistance  of  the  galvanomet^. 
In  the  second  case 

(«  +  1,000)  X  100  +  #  X  1,000        2        1,100 ' 

. '.    «  =  90-9  ohma^ 

or  not  as  much  as  one-tenth  of  the  galvanometer  re- 
sistance. 

Example  71. — ^What  must  be  the  resistance  of  a 
gidvanometer  relatively  to  that  of  the  rest  of  the  circuit, 
80  that  shunting  the  ^vanometer  with  a  quarter  of  its 
own  resistance  may  halve  the  current  passing  through  it  1 

From  what  has  preceded,  we  have 

»  11 

(*  +  ^){^  +  r)  +  #y  2         6  +  r  +  / 
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and  since  g  zs  £-^ 

4 


b  -i-r+g 


Example  72. — In  example  Na  38,  given  on  page 
180,  what  resistance  must  be  added  to  the  main  drcoit, 
so  that  the  insertion  of  the  shunt  shall  not  alter  the  total 
current) 

To  solve  this  question  we  must  consider  by  how  much 
the  resistance  of  the  circuit  has  been  diminished  by  the 
insertion  of  the  shunt,  this  diminution  being,  of  course, 
equal  to  the  difference  between  the  resistances  of  the 
galvanometer  shunted  and  unshunted. 

The  shunted  galvanometer  has  a  resistance  of 

1,808  X  452 
1,808  +  452 ' 
m    361-6  ohms, 

therefore  the  resistance  of  the  circuit  has  been  diminished 
by  452—361*6,  or  90*4  ohms,  and  this  resistance  must  be 
added  if  we  wish  that  the  total  current  shall  be  kept 
constant 

Example  73. — ^What  resistances  must  be  added  to  the 
main  circuit  to  keep  the  total  current  constant  when  a 
galvanometer,  having  1,000  ohms'  resistance,  is  shunted 
with  the  three  shunts  which  respectively  aUow  tHrth, 
T^th,  and  -nAn^th  of  the  current  to  flow  through  the 
gsdvanometer  1 

If  «  be  the  resistance  of  the  shunt,  and  g  the  resist- 
ance of  the  galvanometer,  the  diminution  of  the  resistance 
produced  by  shunting  the  galvanometer  is 


ChiVwT.i        OOiraTAUT  TOTAL  CUaRKNT  BUUllTa.  257 

•9       ^    ^ 
g  —  — 2 — ,   or  —^ — • 

From  what  has  been  given  in  §  104,  page  178,  the  i^enst- 

1000     1000 
iiioes  of   the  three  shunts  must  be  — r-»  »    and 

-—-  ohms  respectively.     Therefore,  the  reaistancea  that 
must  be  added  are 

^^ or  900  ohma, 


1229+1000 


1002!_   «r  990 


1222  +  1000 

99 
1000^ 

1222  +  1000 

999 


or  999 


188.  Constant  Total  Current  Shunts.— There  are  two 

ways,  difiering  lomewhat  from  one  anottier,  by  meana  of  wluch  a 
box  of  ahunta  can  be  ao  arranged  that  the  insertion  ol  the  ahnnt 
coil,  parallel  to  the  p;alTanometer,  alao  introdnoea  a  oompenaating 
reostence  in  the  mam  drcnit,  and  ao  keepa  the  main  cmrrent  un- 
altered in  strength.  The  first  of  theae  is  due  to  Mr.  Eempe,  and 
the  aeoond  to  Jir.  Bymer  Jonea. 

fig.  94  abowa  aymbolically  Mr.  Eempe*a  arrangement,  and  it 
will  he  seen  that  the  inaertion  of  a  ping  into  one  of  the  holes 
A,B,C,  for  the  porpoae  of  introdncing  a  shunt  paiaUel  to  the 
galTanometer  G,  also  adds  one  or  more  of  the  resistances  r^,  r.,  r^ 
to  the  main  drcoit,  whereas^  if  the  ping  he  inserted  in  the  nole 
wluch  is  not  lettered,  the  galvanometer  ia  unshunted,  and  all  the 
three  coils  rj,  r^  r^  are  cut  out  of  the  circuit.  A  plan  of  the 
actual  shunt  has  is  seen  in  Vig.  06. 

To  detennine  what  should  he  the  values  of  these  resistancea, 
we  have  to  remember  that^  if  Mi,  m^  n^  he  the  three  multiplying 
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poweiB  of  the  diimts,  so  that  the  three  cuirents  Gi,  Gj,  G^  pa  wring 
through  the  galvanometer  are  respectiYely  equal  to  — ,  — ,  ~, 

Wl       M|        Mj 

where  G  ia  the  total  current  in  each  caae,  the  reeistanoea  of  the 


Fi«.Mi 


shunted  galvanometer  are  in  the  tSirete  cases  ^ ,  €_  ,  ^ ,  if  ^ 

M|      fij      Mf 

be  the  resistance  of  the  ^vanometer  itself.  In  order,  therefore, 
that  fbe  total  resistsaoe  in  the  dxxjuit  may  be  constant,  we  must 
have 

'1  +  ^9  +  ''   =^   -  ^» 


and     r,  =  ^  -    9  ^  n+% 

«8 


From  which  it  may  be  shown  that 


Otp.  v.]     coNSTAirr  total  curuknt  shumtb. 

AlaoUiat    .,  =    -?-, 

di-l 

Exam/lb  74. — If  lite  galTUUcneter  bave  a  ruutance  o 
otiina,  and  it  we  wish  eitner  the  f-^th,  or  the  litB^-K  °'  ^ 


of  the  tAtal  cmrent  to  poM  throagh  the  galvanometer,  what  must 
be  the  Reutanoee  of  j„  it.  t„  vi,  r^,  and  r,  F 

Aiuti>er.—ij  =  6-006,  (,  =  fiO-964,  ^  =  ei6'667,  r,  =:  4G-4S5. 
>-,  =  &M-MG,  and  r,  =  4,M6000  obnM. 

Fig.  66  diowB,  sTmholicaHy,  Hr.  Rymer  Joues'a  anangement. 
To  uM  it  tice  plug*  have  alwayt  to  he  iiuerted  in  the  holee  marked 
with  the  correepoading  flgnies.  If  tbe  plugs  be  inaerted  in  the 
two  holea  marked  1,  we  have  a  Bhunt  equal  to  a  and  a  resiitance 
added  to  the  Dudn  drcait  equal  to  i  +  c  +  rf.  If  the  pings  be  in- 
nrted  in  the  two  holee  marked  2,  then  we  bare  a  Bhunt  eaual  to 
b4-  i  and  a  reaiBtance  f  -I-  i  added  to  the  main  drcnit,  ftc  Hence, 
it  foOowi  tliat 
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• 

■^ 

9 

*+* 

= 

9 

•+*+<» 

= 

^i.' 

b^e-{-d 

= 

Ff 

c-^-d 

= 

9^ 

from  which  0,b,Cfd,0  can  be  easily  calculated  for  any  particolar 
yalues  of  ^,  n^,  fia^  and  n^. 

If  one  01  the  plugs  be  inserted  jn  the  hole  marked  4,  the  cir- 
cuit will  be  completed  through  the  galvanometer  unshunted. 

ExampU  76. — If  the  galvanometer  have  a  resistance  of  6,000 
ohms,  and  we  wish  either  the  i^th,  or  the  x^tf^*  ^'  ^®  -n^v^ 
of  the  total  current  to  pass  through  the  galvanometer,  what  must 
be  the  resistances  of  a,  b,  e,  d,  and  e  t 

Answer.-^  =  6  005,  b  =  46*600,  «  =  506060,  d  =  4,444-94, 
and  #  ^  66*06  ohms. 

Fewer  coils  are,  therefore,  required  with  this  second  anange- 
ment,  but  it  has  the  slight  disadvantage  that  it  requires  two  plugs 
to  be  inserted  instead  of  only  one  as  with  Mr.  Kempe*s  arrange- 
ment. 

139.  Independence  of  the  Cnrrente  in  Tarioos  CLt- 
cnits  in  ParalleL — iVom  irhat  has  preceded  it  follows 
that  if  a,  e,  d,  &c  (Fig.  97)  be  circuits  in  parallel 
with  the  batteiy  6,  the  currents  A,  C,  D,  &c.,  passing 
through  the  circuits  respectively,  will  be  each  indepen- 
dent of  the  stoppage,  or  variation,  of  any,  or  of  all, 
of  the  other  currents,  as  long  as  the  combined  resistance 
of  the  circuits,  tliat  is, 

1 

1  +  1  +  1  4  &o., 
a      c      a 
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is  large  compared  with  the  resistance  of  tlie  batt«r;f,  b. 
Bec&ose  the  current  through  any  one  of  the  circuits 
eimplf  depends  on  the  potential  diSerence  at  the  temitnals 
of  the  battery,  and  on  the  resistance  of  the  particular 
circuit.  The  latter  is,  of  course,  not  altered  by  altering 
the  resistance  of  any  or  of  all  the  other  circuits,  and  the 
potential  difference  at  tlie  terminals  of  the  battery  re- 
mains constant  when  the  above  relationship  of  reeistauce 
isfalfilled. 

Practically,  therefore,  in  all  cases  where  a  generator 
of  very  amail  irUemat  regi$lanee  is  employed,  the  currento 
in  various  parallel  circuitg  fed 
by  it  are  all  independent  of  one 
another.  And  this  is  one  of  the 
great  advantages  of  the  very 
small  resistiince  of  "  aeeumu' 
lattyrg"  ijt  "tteondnrj/ batteries," 
or  "ttorage  eelU,"  as  tbey  are 
differently  called,  for  electric 
lighting,  in  that  any  one  of  a 
number  of  lights  fed  in  parallel  fjg^  gj^ 

by  these  cells  can  be  tumtHl  on 

or  off  withont  materially  altering  Uie  iatenaity  of  the 
li^t  given  t^  by  any  one  of  the  remainder. 

It  also  exphuns  why  Grove's  cells,  which,  as  stated  in 
§  121,  page  219,  have  a  small  resistance  compared  with 
Daniell's,  Hinotto's,  and  other  well-known  cells,  were 
used  in  the  early  days  in  telegraph  offices,  when  the 
dif^enl  messages  used  to  be  sent  along  several  tele- 
graph wires  vnth  one  battery.  The  trouble  and  expense, 
however,  involved  in  keeping  the  Grove's  cells  in  order 
caused  the  plan  of  working  several  telegraph  wires  with 
one  battery  to  be  abandoned  in  favour  of  having  a  sepa- 
rate battery  of  much  higher  resistance  to  work  each  line 
independenUi/.  But  the  invention  of  accumulators  by 
Plante,  and  the  improvements  that  have  been  effected  in 
them  by  Faure,  Swan,  Sellon,  Volckmur,  and  others, 
during  the  last  few  years,  are  leading  to  a  return  to  the 
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old  plan  of  aevenl  telegraph  wires  being  worked  wiUi 
oue  corrent  generator. 

Example  76. — If  three  telegraph  wires,  having  re- 
sistunoes  of  200,  250,  and  300  ohms  respectiyelj,  in- 
cluding in  each  case  the  resistance  of  the  **  receiving 
insirutnent/'  or  the  instniment  bj  means  of  which  the 
messages  are  reoeiyed,  be  worked  by  one  battery  having 
a  resistance  of  20  ohms,  bj  how  much  per  cent,  will  the 
current  passing  along  the  first  line,  when  no  current  is 
passing  along  either  the  second  or  the  third  lines»  be 
altered  :  1st,  by  a  current  being  sent  along  the  second 
also  ;  2nd,  by  a  current  being  sent  along  both  the  second 
and  the  third  lines,  in  addition  to  the  one  sent  along 
the  first  t 

If  £  be  the  K  M.  F.  of  the  battery  in  volts,  then  the 
current  C|,  flowing  along  the  first  line  when  no  current  is 
flowing  along  either  the  second  or  the  third,  is 

If  a  cnrrent.  is  also  being  sent  along  the  second  wire, 
the  total  current  flowing  through  the  battery  \a 

£ 

amperesi 


2o^200xJ50 


200  +  250 

and  of  this  the  current  C^,  flowing  along  the  first  line^  is 

250         ..  E 


200  +  250  2^      200  x  250 

200  +  250 

^    20(200+250)  +  200  x  250  ^^P®*^ 

Similarly,  if  a  current  is  also  being  sent  along  the  third 
line,  the  current  Oju  flowing  along  the  fint  line^  is 
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1 

200 

20  + 

E 

1          1          1     '^ 

111 

200      250      300 

ftBiper 

1  ^  1  ^  1 

200      250      300 

Therefore, 

c.  = 

220  ""P*^ 

0,  = 

1 
236       * 

and 

c,  = 

1 

249-4    * 

Henea^  Ci  is  diminiahed  by  about  6*8  per  cent,  by  allow- 
ing a  current  to  flow  along  the  second  line,  and  by  about 
11*7  per  cent  by  allowing  a  current  to  flow  along  both 
the  seoond  and  the  third  lines. 

Example  77. — Jf  two  telegraph  lines  each  have  a 
resistance  of  500  ohms,  including  the  resistances  of  the 
receiving  instruments,  what  may  be  the  greatest  resist- 
ance of  the  battery,  employed  to  send  the  current  along 
both,  so  that  the  current  flowing  along  either  shall  not 
be  diminished  by  more  than  1  per  cent  by  sending  a 
current  also  along  the  other  1 

Let  E  be  the  H  M.  F.  in  yolti^  and  6  the  resistance 
of  the  battery  in  ohms,  then  Ae  current  flowing  along 
either  line^  when  no  ament  is  being  sent  along  the 
other,  is 

and  the  current  flowing  along  either  line,  when  a  our. 
rent  is  also  being  sent  along  tiie  other,  is 

1  B 

2  ^5T250  ""P^"^' 
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Now  we  want  6  to  be  of  sach  a  value  that 

B       ^1  E        ia  not  greater    1      ^         ^ 

6  +  500      2      6+250         than  lOO         6  +  500* 

Consequentlj,  the  largest  permissible  value  of  6  will  be 
found  by  maVing 


E  1   ^         E  1      ,.         E 


f 


6  +  500        2        6  +  250        100        6  +  500 

or         ii   X    -J-  =     I    X     -1_- 
100         6+500  2  6  +  250 

Answer. — 5*1  ohms. 

Example  78. — ^There  are  two  telegraph  lines^  one 
having  a  resistance  of  400  ohms,  and  tiie  other  of  500 
ohmsy  including  the  resistance  of  the  receiving  instru- 
ments. The  receiving  instrument  on  the  first  line  is  so 
arranged  that  it  will  work  without  adjustment^  with  cur- 
rents varying  between  5  and  5*2  thousandths  of  an  am- 
pere. What  must  be  the  R  M.  F.  of,  and  resistance  of, 
the  common  batteiy,  for  the  two  lines,  so  that  the  cur- 
rent flowing  along  the  first  line  may  be  always  between 
these  limits,  whether  or  not  a  current  is  being  sent  along 
the  second  line  1 

If  E  be  the  K  M.  F.  in  volts,  and  6  the  resistance  in 
ohms  of  the  battery,  the  maximum  current  flowing  along 
the  first  line  will  be 

and  the  minimum  current 

500  £ 

amperes* 


400  +  500  400  X  500 

■*■  400  +  500 

500  E 


or 


900  6  +  200,000 


.^.^ 
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The  first  corrent  mmt  not  exceed  5*2  thoasandths  of 
an  ampere,  and  the  second  must  not  be  less  than  5 
thoosandl^  of  an  ampera  Taking,  therefore,  the  limit- 
ing  values,  we  may  say  that 

E  52 


And 


6  +  400        10,000 
5E  5 


9  &  +  2,000      1,000 

Solfing  these  two  equations  for  E  and  5,  we  find 
that 

E  =  2-19  Tolts  about* 

and    6  :=  21  ohms        ,, 

In  practice,  larger  R-M.  F&  than  this  must  be  used 
to  allow  for  leakage  along  the  line,  in  consequence  of 
which  only  a  portion  of  th^  ^mrrent  that  leaves  the  send- 
ing or  signalling  end  arriveb  at  the  receiving  end 

Example  79. — ^If  10  of  the  30  lamps  in  example  68, 
page  252,  be  turned  out^  what  will  be  the  P.  D.  at  the 
terminals  of  the  remaining  20 1 

A7i8tx>er, — 81-27  volts. 

Example  80. — If  50  or  more  incandescent  lamps  in 
parallel,  each  requiring  0'8  amperes  and  100  volts  to 
glow  properly,  be  fed  with  55  accumulators  in  series, 
each  having  an  K  M.  F.  of  1-98  volts  when  discharging, 
what  must  be  the  resistance  of  each  accumulator,  and 
what  is  the  maximum  number  of  lamps  that  can  be 
lighted,  so  that  the  P.  D.  at  their  terminals  never  ex- 
ceeds 101,  and  Ib  never  less  than  99  volts? 

The  resistance  of  each  lamp  may  be  taken  as  t— 

or  125  ohm&  Hence,  considering  the  case  of  the  least 
number  of  lamps,  50,  which  will  correspond  with  the 
highest  number  of  volts,  101,  we  have,  if  &  be  the  resist- 
ance of  one  accumulator, 


266  PRACTICAL   SLECTRICITT.  ICbmp,  TX. 

55  X  1-98  _  101 

556 -h^^      1??' 
50        50 

horn  which  it  follows  tliat  b  =  0-003555  ohmfli 

Next,  considering  the  case  of  the  largest  number  of 
lamps  fi,  which  will  correspond  with  the  lowest  number 
of  volts  allowed,  viz.  99,  we  have 

55  X  1-9     _    99^ 

55&  +  l^        12?' 
n  n 

Substituting  in  this  the  value  previously  found  for  5, 
and  solving  for  n,  we  find  that 

n  =  63-92. 

Hence,   64  lights    would    be    practically    the    largest 
number. 


CHAPTER   VI. 

INSULATION. 

140.  Surfaoe  Leakage,  aad  Leakage  thitmgh  Um  Maw  141.  Goattng 
Imnilating  Stemi  with  Paiaffin  Wax,  «r  flhell-lao  VamlBh  -142. 
Sealing  up  One  Bad  of  a  CaMe  wban  under  Tesi—143w  Oonstrao- 
tion  of  an  Tninlating  Stand— 144.  Iawi  of  Surface  Leaka^  and 
of  Leaka^  through  iha  Maae— 145.  Oomigatii^  the  Sidee  of 
Ebonite  PQlan — 148.  Oommon  Fault  made  m  Consfcnieting 
Ebonite  Filla»^147.  Telegra^  Iniulatoza— 148.  Terting  Inni- 
latoiB  dving  Mannfaetore— 149.  Meaiaring  High  Beaistanoea— 
100.  BubdiYiding  a  P.D.  into  Known  Fraotiona— 151.  Ck>nstant 
of  a  Galvanometei^-152.  Veiy  Delioate  Galvanometen^lfiS. 
Thomson**  Aitatio  Ctalvanomcteia  154.  Importance  of  the  Gal- 
vanometer being  Well  Tninlated. 

140.  Surflioe  Leakage,  and  Leakage  tbroQgh  the 
Mass. — ^There  are  two  ways  in  which  electricity  may 
pass  from  one  body  to  another ;  it  may  either  creep  along 
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a  layer  of  dirt  and  moisture  on  the  snrtace  of  an 
insujating  rod,  or  it  may  pass  through  the  mass  of  the 
insalating  material.  The  former  may  be  called  **  surface 
Uahage^ ;  and  the  latter,  *^Uakaffe  through  the  mass.'* 
In  the  case  of  a  charged  body  supported  on  a  rod  of  glass 
or  ebonite,  surface  leakage  is  the  main  thing  to  guard 
against ;  whereas,  with  a  long  submarine  cable,  consisting 
of  a  copper  conductor  surrounded  with  guttapercba  or 
with  indiarubber,  and  immersed  in  the  sea,  the  main  loss 
of  electricity  is  through  the  guttapercha  or  indiarubber. 
If,  however,  the  piece  of  insulated  cable  be  very  short, 
then  the  surface  leakage  at  the  ends,  arising  from  the 
electricity  creeping 
from  the  ends  of  the 
copper  conductor 
over  the  ends  of  the 
guttapercha  covering  n«.9a 

to  the  water  or  the 

iron  sheathing  which  is  outside  the  guttapercha,  may 
be  the  cause  of  the  most  important  part  of  the  loss. 
Hence,  when  it  is  desired  to  test  the  actual  passage 
of  the  electricity  from  the  conductor  through  the  in- 
sulating material,  it  is  usual,  in  order  to  diminish  the 
surface  leakage  to  a  minimum,  to  cut  the  end  of  the 
core  like  a  pencil,  as  shown  in  Fig.  98,  so  as  to  expose 
a  long  freshly  bared,  elean,  dry  surface  of  guttapercha 
or  indiarubber.  The  insulation  of  the  end  can  be  still 
further  improved  by  coating  the  surface  with  a  thin 
layer  of  clean  paraffin  wax,  which  has  been  first  melted 
by  heating,  to  a  temperature  not  however  much  above 
that  of  boiling  water,  otherwise  the  wax  would  be  par- 
tially decomposed,  and  its  resistance  diminished.* 

14L  Ooating  Insulating  Stems  with  Paraffin  Wax 
or  Shell-lac  Yamish. — Coating  the  surface  of  any  insu- 
lating stem  which  is  exposed  to  the  air  with  paraffin  wax 

*  To  avoid  the  ptniBii  wax  being  overheated,  it  is  well  to  warm 
theveoel  oontaixdng  it  by  means  of  a  water  bath  in  the  tame  way  that 
glne  is  usually  heated  in  an  ordinary  glue-pot. 
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has  not  only  the  advantage  that  it  renders  the  soi&oe 
much  less  ''  hy^rogcopic^"  or  attiactive  of  moisture,  bat 
it  enables  the  wax  to  be  easily  partially  scraped  off  at  any 
time,  and  a  new  clean  diy  surface  exposed.  SheU-lae 
varnish,  made  by  dissolving  shell-! ao  in  alcohol,  may  be 
employed  in  the  place  of  paraffin  wax,  but,  in  many 
cases,  it  is  not  as  good,  partly  because  shell-lac,  being 
hard  and  brittle,  cannot  be  easily  scraped  so  as  to  expose 
a  new  clean  surfiace,  and  partly  because,  at  the  present 
day,  it  \a  very  difficult  to  buy  really  good  shell-lac^  the 
material  of  commerce  being  much  adulterated.*  7/^ 
however,  a  glass  rod  can  he  kept  free  from  dust,  and 
artificially  dried,  then  it  is  better  to  put  neither  paraffin 
wax  nor  cmy  kind  of  varnish  on  iL 

142.  Sealing  up  One  Bnd  of  a  Cable  when  under 
Test. — The  insulation  of  a  cable  may  be  tested  fay 
measuring  with  a  very  delicate  galvanometer  the 
current  that  a  battery  of  high  E.  M.  F.  can  send 
through  the  indiarubber,  guttapercha,  or  other  insu- 
lating material  used  in  its  coiuitruction.  To  do  this 
it  is  only  necessary  to  have  one  end  of  the  copper 
conductor  bare,  hence  it  is  desirable  after  pointing  the 
guttapercha  at  the  other  end,  as  shown  in  the  last  figure, 
to  seal  it  up  altogether  by  dipping  it  into  paraffin  wax 
two  or  three  times,  so  as  to  cause  a  lump  of  paraffin  wax 
to  adhere  to  it,  which  can  be  best  done  when  the  paraffin 
wax  has  cooled  until  it  is  approaching  the  temperature 
of  solidification. 

143.  Gonstruotion  of  an  Insulating  Stand. — In 
Fig.  29  the  plate  a,  and  in  Fig.  40  the  pot  p,  are 
supported  on  a  special  form  of  insulating  stand,  in  which 

*  Dr.  A.  Mnirhead,  who  hu  had  great  experience  in  the  use  of 
Rhell-lao  in  the  construction  of  condensers,  recommends  the  following 
process  for  obtaining  good  insulating  yamish.  Obtain  "InUUm^Uct 
pick  out  the  cleanest  lumps,  and  dissolve  them  in  abaolute  aloohoL 
Allow  the  solution  to  stana  for  some  time,  and  use  only  the  upper  part 
of  the  solution.  When  the  highest  insulation  ii  requix«d,  fint  dissolve 
the  button  lac  in  ordinary  alcohol,  and  precipitate  it  by  allowing  the 
solution  to  trickle  into  distilled  water,  than  dissolve  the  precipitate 
in  abaolute  alcohoL 
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ibe  glass  rod  is  kept  /reejrom  dugt  and  artificially  dried. 
This  devioe  for  obtaining  high  insulation  is  far  superior  to 
the  old-fiiahioned  plan  of  using  a  simple  rod  of  glass  or 
ebonite,  since  su(^  a  rod,  whether  it  was  coated  with 
Tamiah  or  not,  required  perpetual  cleaning  and  drying  to 
prevent  the  electricitj  leaking  down  its  surface.  The 
special  arrangement  shown  in  these  figures,  and  which 
has  been  designed  by  the  author  for  experiments  on 
statical  electricity,  consists  of  a  glass  vessel  made  of  any 
convenient  kind  of  glass,  and  having  at  its  bottom  a 
tabuluie  of  glass  attached  vertically  at  the  centre.  This 
tubulure,  or  collar,  of  glass  is  ground  inside  like  the 
inside  of  the  neck  of  a  ghiss-stoppered  bottle,  and  into  this 
tubulnie  the  ground  end  of  a  rod  of  highly  insulating 
glass  fits,  much  in  the  same  way  as  a  glass  stop|ier  does 
into  a  bottle.  On  to  the  top  of  this  glasu  rod  anything  can 
he  fixed ;  for  example,  the  plate  a  (Fig.  29),  and  the 
pot  P  (Fig.  40),  are  supported  in  position  by  a  little 
collar  of  metal,  which  is  soldered  to  the  bottom  of  a  and 
of  p,  and  which  slips  fairly  tightly  over  the  top  of  the 
glass  rod.  Before  the  glass  rod  is  inserted  a  little  strong 
sulphuric  acid  is  poured  in,  and  rests  on  the  expanded 
bo^m  of  the  glass  vessel,  exposing  a  large  surfisbce  of 
acid  for  absorbing  the  moisture  contained  in  the  air  in 
the  vessel  When  the  instrument  is  not  in  use  a  split 
indiarubber  stof^per  i,  seen  in  Fig.  40  resting  on  the 
base  of  the  instrument  is  inserted  to  close  up  the  neck 
of  the  glass  vessel,  which  is  contracted  at  the  top,  partly 
for  this  purpose,  and  partly  to  avoid  a  too  rapid  inter* 
diange  of  air  between  the  inside  and  the  outside  of  the 
glass  vessel  when  the  instrument  is  in  use. 

The  advantages  of  this  insulating  stand  are  : — 
1.  The  rod  can  be  easily  taken  out  and  cleaned.  To 
clean  such  a  rod  hold  it  by  the  end,  and  wash  it  by 
means  of  a  dean  brush  with  soda  and  warm  water  to 
remove  the  grease ;  then  rub  it  with  another  brush  while 
a  stream  of  warm  ordinary  water  flows  over  it,  to  remove 
the  soda ;  and,  lastly,  let  a  stream  of  distilled  water  flow 
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over  it  to  lemove  the  trace  of  salt  which  is  dissolved  in 
ordinary  water.  The  rod  should  be  dried  liefore  a  fire  ;  or, 
better,  by  being  hong  up  under  a  glass  shade,  or  in  some 
confined  space  free  &om  dust,  in  which  there  ia  a  vessel 
containing  a  little  strong  sulphuric  acid.  On  no  account 
dry  the  glau  rod  by  rubbing  it  with  a  doth^  nor  touch  it 
wUh  thefinger$  except  at  the  extreme  end, 

2.  The  rod  may  be  made  of  dense  flint  glass  which 
insulates  well^  while  the  vessel  may  be  made  of  any  kind 
of  glass  that  can  be  easily,  and,  therefore,  dieaply 
blown,  without  reference  to  its  insulating  qualitiea 

3.  As  the  rod  is  easily  taken  out,  the  sulphuric  acid 
can  be  put  into  the  vessel  without  splashing  tiie  rod ;  or 
the  old  add,  after  it  has  become  weak  by  absorbing 
water-vapour,  may  be  emptied  out,  and  fresh  acid  put  in 
without  fear  of  dirtying  the  rod.  This  it  would  lie 
difficult  to  do,  even  with  another  oiiening  in  the  vessel, 
if  the  rod  were  immovabla 

144.  Laws  of  Surlkoe  Leakage,  and  of  Leakage 

through  the  Kasa. — ^The  film  of  dirt  and  moisture  on  a 
rod  acts  like  an  exceedingly  thin  layer  of  conducting 
matter,  therefore  for  stems  equally  damp  and  dirty  (and 
the  cleanest  glass  stem  rapidly  becomes  damp  and  dirty 
when  exposed  to  the  air),  the  surface  resistance  or  insu- 
lation 

I 

OCj, 

where  I  is  the  length,  and  d  the  diameter  of  the  stem, 
since  resistance  is  directly  proportional  to  the  length,  and 
inversely  as  the  sectional  area  of  the  conducting  layer. 
The  stem  also  conducts  tlirough  its  mass,  and  its  resist 
tance  in  ohms  is 

4 

where  g  is  the  resistance  in  ohms  between  the  opposite 
faces  of  a  cubic  unit  of  the  glass  or  other  material,  of 
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which  the  insulating  stem  is  made,  I  its  length,  and  d  its 
diameter.  If  I  and  c^  be  in  centimetres,  g  must  *be  the 
resistance  of  a  cubic  centimetre ;  or,  if  2  and  <^  be  in 
indies,  g  must  be  the  resistance  of  a  cubic  inch. 

The  approximate  Talnes  of  ^  in  ohms  per  cubic  centi- 
metre, for  some  good  insulators^  sre  given  in  Table 
No.  V.  The  resistance  of  an  insulator  increases  up  to 
a  certain  limit  with  the  time  the  current  is  kept  on,  or 
with  the  time  of  **  eUctrificaUon/'  as  it  is  shortly  called, 
so  that  the  values  in  the  table,  which  have  been  obtained 
after  several  minutes'  electrification,  represent  approxi- 
mately this  maximum  value.  The  resistance  of  insula- 
tors also  varies  with  the  temperature,  but  while  the 
resistance  of  conducton  increases  with  elevation  of 
temperature,  the  resistance  of  ntatUaton  dinwniehes  wUh 
devotion  of  tempertUure. 

TABLE  No.  V. 


Guttapercha  • 

Shell-lac.    .    . 

Hooper'syiilca-  | 
msed  India- 1 
rabber     .    .  j 

Ebonite  •    .    . 

Paraffin  Wax  . 


ture  — 
Centicrnde. 


240 

240 
46" 


Ai^pcoziiiiate  B*- 
■•tenoefakohms 
psr  oaUo  osntU 
m«tr«  »ft«r 
WBwenlmbxatmf 
electrUiotkm. 


84  X  10" 

460  XlO» 

9,000  X  10" 

16,000  X  10" 

28,000  X  10^ 
34,000  X  10" 


Anthority. 


Author. 
Standard  adopted 
by  Mr.  Latimer 
dark. 

Author. 

Teste  of  Gablea 

Author. 

»» 


The  resistance  of  dense  flint  glass  has  not,  as  far  as 
the  author  is  aware,  been  measured  at  as  low  a  tempera- 
ture as  40°  C.  alter  a  long  period  of  electrification.  At 
100''  C,  Mr.  Thomas  Gray  found  that  it  was  about 
206  X 10^^  ohms  per  cubic  centimetre,  at  60^  C.  about 
1,020  X  10^^,  and  that  it  increased  very  rapidly  as  the 
temperature  diminished.      Some  experiments  made  by 
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the  author  showed  that^  after  sereral  hours'  electrifioa- 
tion,  the  resistance  per  cubic  centimetre  at  ordinary 
temperatures  had  a  far  greater  value  than  this. 

In  the  above  formule  for  the  surfSaoe  resistance  and 
resistance  of  the  mass  of  a  rod,  the  more  I  is  increased,  that 
is  to  say,  the  longer  the  stem  is  made,  the  laiger  both  the 
surface  and  the  mass  insulation  become ;  vhile^  on  the 
other  hand,  the  larger  the  value  of  d,  the  smaller  are  both 
the  surface  and  the  mass  insulation,  the  latter,  however, 
diminishing  much  more  rapidly  than  the  former,  as  <^  is 
increased.  Consequently,  while  for  a  long  thin  rod  of 
fairly  good  insulating  material  the  main  loss  of  electricity 
will  be  over  the  sur&ce,  for  a  very  short  thick  rod,  for  a 
sheet,  in  fact,  of  insulating  matmal  (for  that  is  what  a 
rod  ultimately  becomes,  as  it  is  made  shorter  and  thicker), 
the  main  leakage  will  be  through  the  material  if  the  elec- 
tricity is  conveyed  to  the  different  parts  at  each  side  of 
the  sheet  by  means  of  a  piece  of  tin-foil,  stuck  on  both 
sides  of  the  sheet  of  insulating  material,  and  if  sufficient 
of  the  surface  of  the  insulating  material  near  the  edges 
of  the  sheet  be  left  uncovered  to  prevent  sur&ce  leakage. 
(See  construction  of  condensers,  §  173,  page  318.) 

145.  Oorrugating  the  Sides  of  Ebonite  Pillars. — 
Tn  order  to  increase  the  value  of  ^  in  the  case  of  an  in- 
sulating stem  without  making  it  veiy  tall  and  weak,  it 
may  be  made  with  carrugcUians,  as  shown  in  Fig.  99. 
These  rings  have  not  only  the  advantage  that  ^  is  in* 
creased,  but  the  thin  edges  may  be  very  easily  wiped 
with  a  dean  doth,  and  the  insulation  thereby  improved. 
Further,  although  these  edges  may  be  dirtied  if  the  rod 
be  touched  or  taken  hold  of,  the  cavities  between  them 
will  probably  be  left  clean,  and  hence  a  continuous  line 
of  dirt  will  not  be  formed  from  the  top  to  the  bottom  of 
the  pillar,  as  would  probably  be  the  case  if  the  surface 
of  the  pillar  were  smooth  without  comigation& 

14a  Common  Fault  made  in  Constructing  Ebonite 
Pillars. — A  common  fault  made  in  constructing  insu- 
lating stems  of  ebonite^  and  which  should  be  most  caie- 


_  .  J 
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folly  go&rded  agaituit,  consuta  in  drilliDg  a  bole  right 
through  the  stem,  and  tlien  inseiting  into  the  top  of 
this  hole  the  Knw  which  holds  on  the  tennin&l,  and  into 
the  bottom  the  screw  wbich  holds  the    pillar    to    th« 


ri«.B». 

base.  This  continuous  hole  makes  it  impossible  b^ 
any  smoimt  ol  cleaning  and  parafiining  of  the  outside 
of  the  stem  to  obtain  good  iosulation,  for  even  if  the 
aides  of  t^  hole  between  the  ends  of  the  screws  were 
ijnite  clean,  the  length  of  ebonite  surface  separating  the 
Puds  of  the  screws  wonld  be  small  ctMu[)ai-ed  with  the 
length    of  the  pillw  outside,  and  so  the  leakage  from 
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screw  to  screw  inside  the  ebonite  pillar  would  be  greater 
thau  along  the  outside  ;  but  when  in  addition  the  sides 
of  this  hole   aiv,  as  is  frequently  the  case,  dirtj,  the 
insulation  of  the  pillar  is  immensely  diminished  by  Uie 
hole  being  bored  right  through.     The  hole  should,  there- 
fore, on  no  account  be  drilled  through ;  and    in    the 
case  of  any  old  apparatus  in  which  this  mistake  has  been 
made,  the  acrews  should  be  taken  out,  and  the  sides  of 
the  hole  carefully  cleaned  with  a  amall  brush,  such  as 
is  sold  for  cleanii^  glass  tubes,  using   first    soda    and 
warm  water,  then  warm  water  without  soda,  and,  lastly, 
allowing  a  stream  of  distilled  water 
to  flow  throng  the  hole ;   finally, 
when  the  sides  of  the  hole  are  quite 
dry,  melted  paraffin  wax  should  1)6 
poured  in,  so  that  there  is  a  little 
block  of  paraffin  wax  filling  up  the 
hole  between  the  ends  of  the  screwa. 
14?.  Telegraph  Insul&tora. — In 
Hie   cane    of    the  earthenware,    or 
porcelain,  insulatora    used    to   sup- 
port tel^raph  wires,  length  of  sur- 
face, combined  with  small  periphery 
of  a  bwnsverse  section,  is  obtained 
fay  means  at  the  "  double  cup  inau- 
lator'  (Fig.  100).      This  form   of 
insulator,  which  was  originally  pro- 
posed by  Mr.   I«timer   Clark,  has 
also  the  advantage  that  the  inner 
Tif.  loa.  surfaoe  2,  2   of  the   outer  cup,  as 

well  as  the  inner  4, 4,  and  outer 
surface  3,  3  cf  the  inner  cup,  are  kept  tolerably  clean 
and  dry.  Before  the  electricity  escaping  from  the  wire, 
which  is  bound  in  the  groove  at  the  upper  part  of 
the  insulator,  can  reach  the  iron  stalk,  by  means  oX 
which  the  insulator  is  attached  to  the  wooden  or  iron 
bracket  on  the  telegraph  post,  it  must  leak  down  tho 
outside  of  the  outer  cup  I,  I,  then  up  the  inside  d  the 
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oater  cup  2,  2,  tiien  down  the  oateide  oi  the  inner  cup 
3, 3»  andy  lastly,  np  the  inside  of  the  inner  cup  4,  4. 

The  porcelain,  or  earthenware,  cape  should,  as  origi- 
nally suggested  by  the  late  Mr.  Oromwell  Yarley,  be 
moulded  separately,  and  cemented  together  after  they 
are  baked,  in  order  that  a  possible  flaw  in  the  one  may 
not  be  accompanied  by  a  flaw  in  the  other,  which  would 
probably  be  the  case  if  they  were  moulded  in  one  and 
then  bo^ed.  The  lips  of  the  cups  should  be  shaped  as 
shown  in  the  figure,  for,  with  this  shape,  Mr.  Yarley 
found  that  the  drops  of  water  hanging  on  the  lip  during, 
or  after,  rain,  were  simply  blown  a  little  way  up  inside 
the  cups,  instead  of  being  broken  and  the  moisture 
scattered  all  over  the  inside  of  the  insulator,  moistening 
all  parta 

14&  Testing  loBnlators  daring  Mannfactare. — In 
order  to  test  the  quality  of  insulators,  a  hundred  of  them 
are  placed,  invertedy  so  that  they  can  hold  water,  in  a 
shallow  metal-lined  trough,  containing  sufficient  water  to 
come  to  within  half  an  inch  of  their  lips,  and  water 
having  been  poured  into  both  the  cups  so  as  to  reach  to 
about  the  same  height,  the  insulators  are  left  in  the  water 
for  at  least  forty-eight  hours,  to  give  time  for  the  water  to 
soak  into  any  cracks  in  the  earthenware  or  porcelain.  The 
metal  stalks  of  all  the  insulators  are  fastened  together 
with  copper  wire,  and  the  resistance  between  this  copper 
wire  and  the  water  in  the  trough,  or,  what  is  electrically 
the  same  thing,  the  metallic  liniog  of  the  trough,  will 
measore  the  parallel  resistance  to  leakage  ihrcugh  the 
earthenware  os  porcelain  of  which  the  cups  are  Inade, 
and  over  the  surface  of  the  lips  of  the  cups.  To  diminish 
the  surface  leakage  as  mudi  as  possible,  the  lips  are 
dried,  just  before  the  test  is  made,  by  large  red-hot  rollers 
being  rapidly  rolled  backwards  and  forwards  over  the 
troughs  along  iron  rails  &stened  on  the  tops  of  the  sides 
of  the  troughs,  this  operation  being  performed  so  quickly 
that  the  lips  of  the  insulators  are  dried  before  any  appre- 
oiable  quantity  of  the  water  in  the  trough  or  in  Uie 
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insulator  cups  is  evaporated,  and  the  air  in  the  neigh- 
bourhood of  the  cape  thus  rendered  steamy.  Then, 
before  the  lips  have  had  time  to  cool,  and,  therefore, 
before  any  fresh  moisture  can  settle  on  them,  the  parallel 
resistance  is  measured 

The  resistance  of  one  double  cup  insulator  made  of 
porcelain,  and  tested  in  this  manner,  varies  from  five 
hundred  thousand  million  to  four  million  million  ohms, 
depending  on  the  size  of  the  cups,  and  the  quality  of  the 
clay  of  which  the  cups  are  mada  Taking  two  million  "meg- 
ohma"  that  is  two  million  million  ohms,  as  the  average 
resistance  of  each  of  a  batch  of  100,  the  100  shoidd  have 
a  parallel  resistance  of  twenty  thousand  megohms.  If  a 
set  of  100  are  found  to  have  a  parallel  resistance  much 
below  the  other  sets  of  100  of  the  same  type,  it  is  either 
due  to  faulty  drying  of  the  Hps,  or  to  the  presence  of  one 
or  more  cracked  porcelain  cups  in  the  batch,  or  to  one  or 
more  of  the  poix^lain  cups  having  been  badly  baked. 
Under  these  circumstances  a  red-hot  iron  roller  should  be 
again  rolled  backwards  and  forwards  over  the  trou^ 
when,  if  the  same  low  resistance  is  again  obtained,  the 
wire  should  be  unwound  from  the  iron  stalks,  and  each 
insulator  should  be  tested  roughly  and  quickly^  by  touch- 
ing the  stalk  with  one  of  the  copper  wires  connected 
with  the  measuring  apparatus,  the  other  wire  coming 
from  the  measuring  apparatus  being  still  attached  to  the 
metallic  lining  of  the  trough.  In  touching  the  stalk 
with  the  wire,  care  must  be  taken  to  hold  the  india- 
rubber  or  guttapercha  covering  at  some  little  distance 
from  the  end,  and  the  insulating  coating  must  be  cut 
like  a  pencil,  as  shown  in  Fig.  98,  page  267 ;  otherwise 
the  leakage  to  earth  along  the  outer  surface  of  the  in- 
sulated wire  will  be  mistaken  for  leakage  through  the 
porcelain  of  an  insulator.  In  this  way  the  defective  in- 
sulator or  insulators  may  be  detected  and  removed  from 
the  batch. 

This  rough  method  of  picking  out  defective  insulators 
may  with  advantage  be  employed  before  the  stalks  of  the 
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insulators  are  wired  together,  and  the  parallel  retdncanoe 
x»f  the  batch  of  100  tested  accun*telj.  For  supposiiig  one 
million  m^^hms  were  taken  aa  the  **  specified "  or  con- 
tract minimnm  resistance  of  each  iusulator)  then,  if  ninety- 
nine  of  them  happened  to  be  each  of  them  better  than 
the  specified  standard,  having,  say,  each  three  million 
megohms,  whereas  one  of  them  was  much  below  the 
standard,  and  had  only,  say,  twenty  thousand  megohms, 
the  parallel  resistanoe  of  the  100  would  be  12,048 
m^ohm&  But  as  this  would  be  more  than  the  specified 
resistance  of  a  good  hundred,  which  would  be  ten  thousand 
megohms,  it  follows  that^  although  the  batch  contained 
an  insulator  having  only  the  jjjfih  of  the  resistance  oi 
each  of  the  remaining  ninety-nine,  the  batch  would  be 
allowed  to  pass  if  the  insuLators  were  only  tested  in 
hundreds,  and  were  not  subjected  individually  to  any 
test  But  such  an  insulator,  which  had  only  the  xiv^ 
of  the  resistance  of  each  of  the  rast,  should  certainly  be 
rejected,  since,  although  the  defect  at  present  is  only  a 
small  one,  it  is  extremely  probable  that  this  defect  will 
go  on  increasing,  so  that  if  it  be  put  up  with  others 
on  a  tel^;raph  line,  more  electricity  will  eventually  leak 
through  this  insulator  to  the  ground  than  will  escape 
over  the  stirface  of  all  the  insulators  which  support 
several  miles  of  the  telegraph  wire. 

149.  Measuring  High  BesiBtancea — With  an  or- 
dinary Wheatstone's  bridge  we  can  tost  resistances  up  to 
1*11  million  ohms,  but  not  above  that,  consequently  resist- 
ances of  thousands  of  megohms  are  usually  tested  in  quite 
a  difierent  way,  l^  measuring  the  current  that  a  known 
P.  D.  will  send  through  them«  As,  however,  the  gal- 
vanometer must  be  extremely  sensitive  to  enable  such 
small  currents  to  be  measured  by  means  of  it,  and  as  the 
absolute  value  of  the  deflection  of  such  a  very  delicate 
or  sensitive  galvanometer  is  liable  to  vary  from  day  to 
day,  we  do  not  attempt  to  calibrate  the  galvanometer 
absolutely  in  amperes,  or  rather  in  millionths  of  an  am- 
pere.    Further,  it  is  not  necessary  to  know  the  value  in 
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v<dte  of  the  P.  D.  em[rfof  ed,  smoe,  if  we  compare  the 
current  aeot  by  this  P.  D.  tlirou^  the  nnknovn  resist' 
ance  with  tbot  sent  by  the  bmdb  F.  D.,  or  by  a  known 
portion  of  it,  through  a  known  resistaDce,  the  vatae  of 
the  unknown  recdstaooe  can  be  ascertained. 

160.  Sabdindin;  t  P.  D.  iato  Known  PrMticma. — 
The  simplest  amuigement  for  obtaining  a  known  fraction 
of  a  P.  D.  is  to  caoso  a  tieady  current,  by  menns  of  a 
battetj  B  (Fig.   101),  to  flow  through  a  very  h^h  resist- 
ance L  M  ;   then  the  P.  D.  between  any  two  points  a  t, 
bears  to  the  P.  D.  be- 
tween any  other   two 
points    L  u,  the  ratio 
that   the  remstanoe   q 
of  the  part  a  t  bears  to 
the  retustanoe  p  of  the 
whole  L  M.     The  P.  D. 
between  tiie  paints  l  m 
Vic.  WL  may   be    employed    to 

send  a  current  tfirongh 
the  unknown  resistance  x,  and  the  P.  D.  between  the 
points  B  T,  through  a  known  resistauoe  r. 

It  is  not,  of  course,  neoesssry  that  ixAh  the  points 
8  and  T  should  be  distinct  from  L  and  M  ;  one  of  them, 
for  example,  s,  may  be  the  same  as  l. 

151.  Comtent  of  &  Oalvanometar. — If  the  unknown 
resistance  x  be  very  large,  the  galvanometer  must  be  very 
sensitive  ;  hence  either  the  known  resistance  r  must  b« 
hIbo  very  large,  or  q  must  be  very  small  compared  with  p, 
or,  lastly,  the  galvanometer  must  be  shunted  in  taking 
what  is  called  "the  evnatant  of  the  galvanometer."  If  the 
resistance  L  u  be  very  accurately  gvhdivided,  then  there  is 
no  objection  to  taking  q  as  small  as  we  like ;  indeed,  taking 
q  very  small  has  in  such  a  case  an  advantage  over  shunting 
the  galvanometer,  arising  from  the  fact  that  the  smaUo-y 
is,  and  thehighertlie  resistaji^  of  the  galvanometer  dicnit 
(the  coils  of  which  ere  attached  to  the  two  points  B  and 
t),  the  more  accurately  is  the  parallel  resistance  between 
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8  mad  T  eqn&l  simply  to  <[.  If,  on  th«  other  huid,  th« 
icnstance  l  m  be  not  very  accnratel;  divided,  then  it  is 
not  advisable  to  t«ke  the  point*  s  and  t  too  near  t<^ther, 
einoe  a  veiy  small  aboolnte  em»  in  the  value  of  q  will 
make  a  very  large  error  in  the  ratio  of  5  to  ;>  when  q  is 
veiy  HDoalL  In  that  case,  shnating  the  galvanometer  is  a 
better  method  of  diminishing  the  galvanometer  defiection. 
Let  C  and  C  be  the  relative  strengths  of  the  currents 
passing  tbtongfa  the  galvanometer  when,  fiist,  the  P.  D. 
between  l  aod  m  is  emplt^ed  in  sending  a  current 
throng  X  with  the  galvaDometer  unshnnt^  (Pig.  102), 


and  wbt^,  second,  the  F.  D.  between  8  and  t  is  sending 
a  current  through  r,  the  galvanometer  of  resistance  g, 
being  shunted  with  a  resistance  a  (Rg.  103),  then 

-P^^-E^x—-^     -    =-, 
=«  +  ?   ■   »  +  9       r  +  —^-       C 

q     c        ,  y  ^  ,  +  a'  ^ 

Generally  —f-  may  be  neglected  in  comparison  with 
r,  and  g  in  comparison  with  x.  In  which  case  veiy 
approximately  we  have 
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If  we  have  not  a  large  subdivided  resistiuieey  lm 
(Figs.  102,  103),  then  we  must  employ  a  bfittery  of  manj 
cells  in  series  when  sending  the  current  through  the  high 
resistance  x,  and  a  small  battery,  one  cell  perhaps,  when 
sending  the  current  through  the  known  resistance  r.  In 
such  a  case  the  ratio  of  the  electromotive  forces  of  Uie 
large  number  of  cells  to  that  of  the  small  number  will  be 
approximately  proportional  to*  the  numbers  of  cells 
employed,  but  it  may  be  more  accurately  ascertained  by 
one  of  the  methods  already  described  (^  131,  132,  pages 
231,  234)  for  comparing  electromotive  forces.  Let  N  be 
the  ratio  of  the  electromotive  forces,  and  let  h  and  b'  be 
the  resistances,  in  ohms,  of  the  two  batteries,  then  if  C 
and  C  be  the  relative  strengths  of  the  current,  as  before, 

N  #  10 

0  f         V  g   ^  g/  ^ 

Or,  as  usually  b'  +  — ^j-  is  small  compared  with  r,  and 

as    &  +  ^   is  also  small   compared  with    a:,   we  have 
approximately 

XT  ^  '-^(f 

05  =  N  X  —  X '  X  r. 

O         f 

Example  81. — Using  a  galvanometer,  the  deflection 
of  which  is  directly  proportional  to  the  current  passing 
through  it,  and  having  a  resistance  of  7,500  ohms,  a 
deflection  of  220  divisions  on  the  scale  is  produced  when 
p  is  10,000  ohms,  and  the  current  is  sent  through  the 
unknown  resistance.  On  the  other  hand,  when  9  is  100 
ohms,  and  the  current  is  sent  through  a  known  resistance 
of  10,000  ohms,  a  deflection  of  300  scale  divisions  is 
obtained  with  the  galvanometer  shunted  with  7*508 
ohms.     What  is  the  value  of  the  unknown  resistance  t 

Using  the  complete  formula  we  find  that  the  un^ 


Chap-VI-l  TKBT  DBUCATX  OALYAVOMKTXBI.  281 

imown  renstance  is  1,364,561,591,  while  the  approximate 
foimnla  gives  aa  the  result  1,363,636,364.  For  all 
practical  pnrposes  it  would  be  sufficient  to  know  that  the 
resistance  was  1,364  megohms,  which  result  would  be  ob- 
tained quite  as  accurately  from  the  second  answer  as  from 
the  first. 

ExampU  82. — ^With  100  cells  and  the  unknown  re- 
sistance a  deflection  of  192  scale  divisions  is  obtained, 
whereas  with  one  cell  and  a  known  resistance  of  25,000 
ohms  in  circuit  a  deflection  of  243  scale  divisions  is  pro- 
duced when  the  galvanometer  is  shunted  with  the  one- 
hundredth  shunt  What  is  the  value  of  the  unknown 
resistance  1       Answer, — 316  megohms  approximately. 

Example  83. — If  one  cell  give  a  deflection  of  100 
scale  divisions  when  10,000  ohms  are  in  circuit,  and  the 
galvanometer  is  shunted  with  the  one-thousandth  shunt, 
how  many  cells  must  be  used  to  test  a  resistance  of 
10,000  m^iohms  if  a  deflection  of  not  less  than  50  scale 
divisions  is  to  be  obtained  1 

Answer, — 500  cells  approximately. 

Example  84. — If  one  cell  give  a  deflection  of  127 
scale  divisions  when  12,000  ohms  are  in  circuit,  and  the 
galvanometer  is  shunted  with  the  one-thousandth  shunt, 
through  what  resistance  would  one  cell  give  a  deflection  of 
one  soile  division  if  the  galvanometer  were  unshuntedt 

Answer, — 1,524  megohms  approximately. 

10S.  Very  Delicate  Oalvanometers. — For  measuring 
accurately  the  current  that  100  Darnell's  cells  will  send 
through,  say,  20,000  megohms,  which  is  only  the  one  two- 
hundred-mUlionth  part  of  an  ampere,  we  must  employ  a 
galvanometer  which  is  far  more  sensitive  than  anything 
that  has  hitherto  been  described  in  this  book.  To  obtain 
this  high  degree  of  delicacy  three  conditions  must  be 
fnlflUed:— 

1.  The  number  of  turns  of  wire  on  the  galvanometer 
bobbin  must  be  very  large.     {See  §  217,  page  418.) 


2.  Tin  BDapeDded  magnetic  needle  must  be  ttroo^j 


3.  The  eontroUiiig  force  mnst  be  vei;  -weak. 
Id  onW  U>  fulfil  oomditHxi  Nol  I,  and,  at  tiie  aMne 
time,  to  keep  all  the  tartn  of  wire  doee  to  tite  Boaperaded 
mag^tet,  nry  fine  wire  must  be  used    in  irinding  tbe 
boUin.     Na  2  is  fulfilled  by  "M^ing  His  needle  of  hard 
stsd;  a   piece  (f  watdi  ^iniig  heated  to  redness  and 
cooled  snddeuly  faj  being  di[q>ed  in  water  answers  well. 
By  the  proper  adjnst'nent  of  an  anxiliazy  magnet  tlte 
oontrolling  force  due  to  tbe 
earth    or  other   controlling 
magnet    may   be    rendered 
very    weak    for    any    one 
puntion   of   tbe  suspended 
needle  of  the  galvanometer, 
but  nuleea   the  controUtng 
magnet   be  very  large  and 
far  away  it  is   difficult   to 
obtain  a  sufficiently  uiuform 
field     for     tbe     controlling 
Pig.  lOk.  force    acting    on    the    sus- 

pended magnet  to  be  we«k 
throughout  the  vhole  range  of  motitm  of  the  suspended 
magnet.  A  better  plan  is  to  make  the  suspended  ar- 
rangement of  two  magnets  N  S,  N'  S'  rigidly  fastened, 
with  their  poles  reverted,  to  a  stiff  vertical  wire  (Fig- 
104).  If  theae  two  magnets  N  S,  N'  S'  be  of  exactly  the 
same  length  and  strength,  and  if  their  poles  be  in  exactly 
the  same  verticHl  plane,  the  earth's  magnetism  will  have  no 
eSect  on  the  arrangement,  hence  it  wilt  rest  indifferently 
in  any  position  about  a  vertical  axis  as  far  as  the  earth's 
attraction  is  concerned.*     But  if  one  of  these  magnets  be 

*  A>  it  li  citnmelT  dUBoult  to  fix  the  ma^iiielie  D«ed1et  to  the 
vertiol  wire  ta  thkt  tbeir  magnetic  »ie«  »re  m  tho  wna  vertiaal 

!>luie,  tbe  pnotie*]  t«t  tot  tbe  need 
hftt  tbe  amiigement  »iU  lett  indiiler 
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inside  one  coil  of  wire,  And  if  the  oth^rbe  inside  another, 
Mid  if  the  current  flow  in  oppoiiie  direetioru  roond  these 
coits,  "  tAe  momefU  of  the  deflecting  couple  "*  Acting  on 
tlie  combination  will  be  the  Enm  of  the  moments  of  the 
Gonples  acting  on  tiie  two  needles  separAtely,  and  henc« 
may  be  made  as  lAfge  as  we  please.  Such  an  arrangement 
is  called  an  "  astatic  eombiiuUion  "  of  magnets,  and  wiUt 
it  a  galvanometer  of  great  delicacy,  called  an  "  astatic  gal- 
vanometer^ may  be  mada 

In  practice  a  small  directive  force  is  produced  partly 
by  one  of  the  needles  being  a  slightly  stronger  magnet 
than  the  other,  and  partly  by  a  controlliug  magnet  M 
(Fig.  108)  being  placed  nearer  one  of  the  needles  than 
the  other,  and  so  acting  more  strongly  on  that  one. 

16&  Thomson's  Astatio  Oalvanometers. — TJsualty 
in    Sir    Williani   Thomson's    astatic   galvanometers  the 

(orca  acting  on  the  unngemeat  due  to  the  eartb'i  magneUnu  baUnoe 
mo  utotber.  ActnallT  the  needle*  plaoe  thcmulTci  k>  that  their  aiea 
are  eqiull;  incliiied  to  the  aut  and  weit  line,  but  the  inoliuation  ia  ao 
■lif^t  thai  thej  ^)pear  to  lie  eut  and  weit.    Id  Fig.  lOS  the  equilibrium 
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podticin  ia  ■hown,  the  needlea  b«ng  •sen  in  plan,  and  their  aiea,  for  the 
ptDpoae  of  olearneaa.  being  dtawn  more  iuelined  to  one  another  than 
they  would  be  in  praiitise.  I'lg.  106  ibon  the  airmngemeiit  ilighQjr 
turned  nHud,  when  it  ii  Ken  that  eqniUbrium  oannot  exici. 

*  When  two  equal  force«  oppoaite  in  direction  and  parallel  to  one 
another,  but  not  la  the  lanie  line,  urt  on  a  body,  they  eoDttitnte  a 
"nni^e"  whoM  "nuiDKnt''  la  the  prodnet  of  eiUier  foroe  into  the 
popeDdioolu'  diatanoe  between  them. 
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mirror  is  fastened  to  one  of  the  magnets,  and  an 
cJuminiutn  vane  to  the  other,  to  produce  **  damping 9** 
or  resistance  to  q^iick  vibmtions  of  the  needle,  in  con- 
sequence of  which  it  is  rapidly  brought  to  i^est  when 
deflected ;  and  the  mirror  and  Uie  vane  are  attached  to 
a  vertical  wire — made,  like  the  vane,  of  aluminium  for  the 
sake  of  lightness — suspended  by  a  fibre  of  ^inspun  silk. 
This  arrangement,  however,  has  two  disadvauiages :  the 
one  that,  as  the  mirror  and  the  vane  are  much  larger 
than  the  magnet,  the  inner  windings  of  the  wire  in  the 
coils  cannot  be  brought  clone  to  the  little  magnets ;  the 
other  that,  in  order  to  allow  the  reflected  ray  {see 
Fig.  38,  page  107)  to  emerge  from  the  coil  when  the 
mirror  is  deflected,  the  hole  in  the  coil  must  be  enlarged 
at  tlie  front,  that  is,  made  trumpetshaped,  which  causes 
the  wire  to  be  still  fai-ther  removed  from  the  suspended 
magnet  A  better  plan  is  to  di8})ense  with  the  aluminium 
vane  and  attach  the  mirror  and  the  magnets  to  a  vertical 
strip  of  mica  ss  (Fig.  107),  as  such  a  strip  produces  suffi- 
cient damping  to  render  the  galvanometer  dead  beat.  Fur-^ 
ther,  by  attaching  the  mirror  o  to  the  |jart  €i  the  vertical 
strip  that  is  between  the  coils,  as  shown  in  the  figure, 
the  space  inside  the  coils  which  is  not  wound  with  wire 
need  only  be  large  enough  to  allow  sufficient  clearance 
fot  the  tree  motion  of  the  magneto  when  they  are 
deflected,  so  that  the  convolutions  of  wire  can  be  brought 
close  to  the  magnet  and  the  instrument  made  very 
delicate.  Also  the  arrangement  enables  a  larger  mirror 
to  be  employed  and  a  brighter  image  obtained  on  the  scale. 
The  astatic  combination  shown  in  Fig.  107  consists 
oft  four  small  magnets  tn^  in  the  centre  of  one  pair  of 
coils,  with  their  marked  poles,  say,  all  turned  to  the 
right)  and  four  similar  small  magnets  m  in  the  centre  of 
the  other  coil,  with  their  marked  poles  all  turned  to  the 
left  The  strip  of  mica  s  s,  to  which  these  two  sets  of 
magnets  are  fastened,  hangs  by  a  fibre  of  unspun  silk 
from  a  small  hook  at  the  end  of  a  screw,  whidi  can  be 
raised  or  lowered  by  turning  the  nut  n.     To  prevent  the 
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screw  ftlso  taming  and  twisting  tiie  fibre  when  the  nut  n 
is  ttinied,  there  ia  a  Bm&Il  vertical  groove  out  in  the  side 
of  the  screw,  in  which  runs  a  small  pin  attached  to  the 
framework  of  the  galvanometer. 

In  order  to  insert  the  astatic  combination  of  magnetic 
needles  in  the  instrument,  two  of  the  coils  must  be  re- 
moved.    This  is  niDch  fscilitat«d  if  the  coils  be  mounted 


Kg.  107. 

in  hollow  boKes  fl  b,  attached  hy  hinges  to  the  frame- 
work of  the  galvanometer,  as  seen  iti  Fig,  107,  which 
nhows  two  of  these  boxes  containing  the  coils  turned 
back  so  that  the  interior  of  the  galvanometer  may  be  seen. 
To  prevent  the  coila  touching  the  suspension  when  the 
boxes  are  closed,  strips  of  paraffin  wax  or  guttapercha,  p, 
are  inserted. 

All  reflecting  galvanometers  which  have  net  an  ad- 
jiistment  for  centring  the  fibre  should  be  provided  with 
two  adjuttabU  spirit-levels  ll,  attached,  at  right  angles 
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to  one  another,  to  the  base  of  the  galyanometer.  When 
the  instrument  is  made,  the  levelling  acrewg,  on  which 
the  galvanometer  rests,  should  be  adjusted  until  the  sua- 
pended  needles  hang  quite  freely  inside  the  coils,  then 
the  levels  should  be  adjusted  until  the  bubble  c^  air  is 
in  the  middle  of  each  tube.  On  all  future  occasions  when 
the  instrument  is  used,  the  levelling  screws  should  be 
turned  round  until  the  bubbles  are  in  the  centres  of  the 
tubes,  and  then  we  may  be  sure  that  the  needles  ore 
hanging  freely  inside  the  coils.  If  the  whole  apparatus 
could  be  made  perfectly  true,  the  mere  levelling  of  the 
base  with  an  ordinary  carpenter's  level  when  the  galvano- 
meter was  about  to  be  used  would  be  sufficient  to  insure 
perfect  freedom  of  the  needles ;  but  if  the  alnmininm  wire 
be  not  perfectly  sti'aight^  or  if  the  coils  be  not  perfectly 
symmetrical,  from  the  wire  perhaps  having  bulged,  the 
mere  levelling  of  the  base  would  not  suffice. 

164.  Importance  of  the  OalFanometer  being  Well 

Insulated. — ^In  many  cases  when  a  high  resistaiioe  has  to 
be  measured  it  is  the  resistance  between  some  insulated 
body  and  the  earth ;  for  example,  the  nssiBtance  of  tJie 
layer  of  guttapercha  between  the  copper  conductor  of 
a  cable  and  the  water.  It  is  impossible,  of  course^  to 
insert  the  galvanometer  between  the  guttapercha  and 
the  water,  hence  it  must  be  placed  between  the  battery, 
and  the  insulated  body.  The  currents,  therefore,  that 
will  pass  through  the  galvanometer  will  be  the  sum'  of 
the  current  that  passes  through  the  resistance  that  we 
desire  to  measure,  and  the  current  that  will  leak  to 
earth  from  the  terminal  of  the  galvanometer  that  is 
attached  to  the  insulated  body,  if  this  terminal  be  not 
well  insulated.  The  value  of  this  leakage  current  can  be 
ascertained  by  disconnecting  the  galvanometer  from  the 
body  whose  insulation  we  desire  to  test,  and  testing  the 
insiilation  of  the  galvanometer  alone ;  but  a  better  plan 
b  to  endeavour  to  render  these  leakage  currents  prac- 
tically nought  by  having  all  parts  of  the  galvanometer 
well    insulated,   as  well  as  the   wire    connecting    the 
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galyaiunneter  with  the  msolated  body.  To  insolate  the 
coils  ai  the  galvan5meter  from  the  earth  the  hollow 
boxes  B  B  (Fig.  107)  in  which  the  coils  are  held,  as  well 
as  the  pillars  p  p,  are,  in  the  best  galvanometers,  made 
of  ebonite.  The  ends  of  the  coils  should  be  fieistened 
to  ebonite  pillars  p  p,  inside  the  outer  brass  case  of  the 
instrument,  and  the  wires  employed  to  connect  the 
galvanometer  with  other  apparatus  can  be  attached  to 
the  terminals  at  the  top  of  these  pillars  either  by  passing 
the  wires  through  openings  in  the  brass  case,'  which 
openings  may  be  closed  by  little  doors  when  the  galvano- 
meter is  not  in  use,  or,  better  still,  the  flexible  wires  may 
be  attached  to  terminids  t  t,  at  the  ends  of  horizontal 
stifif  brass  wires  w  w,  the  other  ends  of  which  are  Screwed 
into  the  terminals  1 1,  at  the  tops  of  the  ebonite!  pillars 
p  Py  aa  seen  in  Fig.  107.  These  stiff  brass  wiiifes  pass 
through  holes  H  H,  in  the  brass  cover  q,  which  is  shown 
removed  from  the  galvanometer  in  Fig.  108,  without 
touching  it,  and  by  pushing  in  the  ebonite  collars  b  e, 
which  slide  on  the  wires  w  w,  the  holes  h  h  can  be  closed 
up,  either  when  the  galvanometer  is  not  in  use,  or  when 
it  is  employed  for  experiments  not  requiring  the  highest 
insulation  of  the  terminals.  When  it  is  desired  to 
remove  the  cover,  the  wires  w  w  are  first  unscrewed  from 
the  terminals  1 1  and  withdrawn,  then  the  small  screws 
at  the  bottom  of  the  cover  (Fig.  108),  which  screw  into  the 
brass  Ings  at  the  base  of  the  galvanometer  (Fig.  107), 
are  loosened. 

O  (Fig.  108)  is  a  window  let  into  the  cover  (or  the 
light  to  pass  through  on  its  passage  to  and  from  the 
mirror ;  «  is  a  screw  held  against  the  worm-whe^l  u>  by 
a  spring  r,  and  by  turning  the  handle  the  conj^roUing 
magnet  m  can  be  turned  round,  and  the  spot  cif  light 
brought  to  the  cenk^e  of  the  scale.  By  raising  or  lower- 
ing M  the  sensibility  of  .the  galvanometer  is  increased  or 
diminished.    • 

In  some  cases  the  unknown  resistance  is  so  large — 
when  it  is,  for  example,  the  insolation  resistance  of  a 
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short  bit  of  good  cable — ^that  even  the  method  of  testing 
described  in  §  151,  page  279^  is  not  sensitive  enoagh  to 
give  its  value ;  in  such  a  case  the  *'  leakage  method  of 
meaaiwring  resistance  "  described  in  §  185,  page  344,  must 
be  resorted  to. 


CHAPTER  VIL 

QUANTITT  AND  CAPACITY. 

16&  Coulomb— 156.  Ballistic  GkJvaiiometer  — 157.  Ckimotion  for 
DampLng — ^158.  Logariihmio  Deoremeiii — ^159.  Detenniniog  the 
-  Loearit^nic  Decrement  when  the  Damping  ia  yrery  Slight — 
160.  Compering  Qoantitiea  of  Electricity— 161.  Capecit7-162. 
Condeneer — 163w  Capacity  of  a  Condenser  ia  Constant — 164. 
Variation  of  the  Capacity  of  a  Condenser  with  the  Area  of  its 
Coatings— 165.  Variation  of  the  Capacity  of  a  Condenser  with  the 
Distance  between  the  Coatings— 166.  Farad — ^167.  Charge  in 
Terms  of  Capaeitv — 168.  Capacity  of  a  Cylindrical  Condenser — 
160.  Speoifio  Indnetive  Capacity — 170.  Condensers  for  Large 
P.  De.— 17L  Leyden  Jar— 172.  Battery  of  Leaden  Jars— 173.  Con- 
stmcting  Condensers  of  very  Large  Capacity — 174.  Comparing 
Capaoities — 175.  Condensers  are  Stores  of  Electric  Energy,  not 
of  Electricity- 176.  Charge  and  Dischaise  Key— 177.  Absolnte 
Measurement  of  a  Capacity — 178.  Statical  Method  of  Comparing 
Capacities —179.  Measuring  Specific  Inductive  Capacity— ISO. 
Standard  Air  Condenser — iBl^  Everv  Charged  Body  is  One  Coat- 
ing of  a  Condenser — 182.  Capacity  of  a  Spherical  Condenser — 183. 
Condenser  Method  of  Comparing  the  E.  M.  Fs.  of  Current  Gene- 
rators— 184.  Condenser  Method  of  Measuring  the  Resistance  of  a 
Current  Generator — 185.  Measuring  a  Besistance  by  the  Rate  of 
Loss  of  Charge — 186.  Rate  of  Loss  of  Charge  hY>m  Leakage 
tiirough  the  Mass  depends  on  the  Nature  of  the  Dielectric,  and 
not  on  the  Shape  at  Sise  of  the  Condenser— 187.  Galvanometric 
Method  of  Meannring  Resistance  by  Loss  of  Charge — 188.  Multi- 
plying Power  of  a  Shunt  used  in  Measuring  a  Discharge — 189. 
Production  of  Large  Potential  Differences  — 190.  Condensine 
Electroscope— 19L  Calibrating  a  Gold-Leaf  Electroscope— lOC 
Electrophorus — 193.  Ebonite  Electrophorus  arranged  to  give 
Negative  Charges — ^194.  Accumulating  Influence  Machines— 195. 
Thomson's  Replemsher — ^196.  Wimshurst  Influence  Machine — 
197.  Dry  Piles. 

155.  Oonlomh. — A  "  eaulomb  *'  is  the  unit  of  electric 
quantity,  and  it  is  defined  as  the  quantity  of  electricity 
that  flows  pei*  second  past  a  cross  section  of  a  conductor 
wnmeyvng  an  ampere.     In  the  case  of  a  stream  of  water 
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through  A  pipe  we  can  measure  the  current  bj  putting  a 
bucket  under  the  end  of  the  pipe,  and  actually  measuring 
the  number  of  cubic  feet  or  gallons  of  water  that  flow 
out  per  minute,  but  in  the  case  of  an  electric  current 
there  is  no  end  to  the  pipe  or  conductor,  sinoe  the 
electric  circuit  is  necessarily  a  closed  one,  and  if  we 
attempted  to  cut  the  wire  for  the  purpose  of  inserting 
some  apparatus  in  order  to  catch,  so  to  say,  the  electricity, 
we  should  stop  the  current.  What  we  have,  therefore, 
to  do  in  order  to  measiire  a  quantity  of  electricity  is  to 
discharge  the  body  containing  it  through  the  coil  of 
a  galvanometer,  and  observe  the  current  produced  during 
the  discharge.  This  discharge  of  electricity,  and  the 
current  produced  by  it,  last  a  very  short  time,  and, 
further,  the  current  changes  in  value  rapidly  during  the 
discharge.  For  example,  suppose  that  an  insulated  con- 
ductor containing  K  coulombs  of  electricity,  and  charged 
to  a  potential  of  Y  volts,  be  discharged  by  being  con- 
nected with  the  ground  through  the  coil  of  a  galvano- 
meter ;  then,  as  the  electricity  flows  out,  the  potential  of 
the  conductor  will  fall,  hence  the  P.  D.  between  it  and  the 
ground,  and  consequently  the  current^  will  rapidly  grow 
less,  until,  when  the  discharge  is  nearly  completed,  and 
the  potential  is  nearly  reduced  to  that  of  the  earth,  the 
current  will  be  extremely  smalL  The  effect,  therefore, 
of  sending  such  a  discharge  of  electricity  through  a 
galvanometer  coil  is  to  cause  the  needle  of  the  galvano- 
meter to  be  suddenly  deflected,  after  which  it  returns 
thraugh  the  zero  position,  at  which  it  finally  stays  at 
reiit  c^ter  a  few  swing&  Although  the  current  during 
the  discharge  is  rapidly  growing  less  and  less,  and 
although,  therefore,  the  impulses  given  to  the  needle 
during  successive  equal  short  intervals  of  time  during 
the  discharge  become  feebler  and  feebler,  it  is  possible, 
w^ien  the  whole  discharge  is  completed  b^ore  the  needle 
begins  to  move,  to  sum  up  the  effects  of  all  these  impulses, 
and  so  to  estimate  the  number  of  coulombs  of  electricity 
that  pass  during  the  discharge  from  the  instantaneous 
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deflection  or  "  eUmgaiion^  or  **  throw  "  of  the  needle,  as  it 
is  sometimes  called.  The  magnitude  of  this  first  an^ar 
deflection  of  the  needle  ib°  depends — 

1.  On  K  the  number  of  coulombs  that  pass. 

2.  On  the  moment  of  inertia  of  the  needle  and 
pointer,  or  other  indicating  arrangement. 

3.  On  the  moment  of  the  controlling  forces,  that  is,  the 
forces  which  resist  the  needle  moving  away  from  the  zero 
position,  and  which  tend  to  pull  it  back  to  that  position. 

4.  On  the  moment  of  the  forces  that  '*  damp  "  the 
▼ibrations,  that  is,  the  forces,  due  to  air  or  ^^mitg7ieiie 
firiUian"  that  simply  resist  the  motion  of  the  needle  (see 
§  156,  page  294). 

5.  On  the  moment  of  the  deflecting  forces  exerted 
on  the  needle  by  a  given  constant  current  flowing 
through  the  coil. 

Increasing  either  1  or  5  will  increase  the  ma^itude 
€pf  the  first  swing,  which,  on  the  other  hand,  will  be 
diminished  by  increadng  either  2,  3,  or  4.  If  the 
needle  be  set  swinging  when  no  current  is  flowing,  the 
quickness  of  the  vibration  will  depend  on  the  largeness 
of  3,  and  on  the  smallness  of  2  and  4,  so  that  if  P  be 
the  **  periodic  time  qftfibration  "  of  the  needle  in  seconds, 
that  is,  the  nuf/hber  of  seconds  that  irUervetie  between  t/ie 
moment  wJien  the  needle  passes  any  position  and  t/ie 
moment  when  it  next  passes  t/ie  same  position  swi/nging  in 
tJie  same  direction,  P  will  be  increased  by  diminishing  3,  or 
by  increasing  2  or  4.  On  the  other  hand,  if  a°  be  the 
angular  deflection  produced  when  a  steady  cuirent  of 
A  amperes  flows  through  the  coil,  a°  will  be  increased  by 
increasing  5,  or  by  diminishing  3,  but  will  be  unaffected 
by  altering  2  or  4. 

Taking  all  the^e  effects  into  consideration,  it  can  be 
shown  that,  when  both  kf^  and  a°  are  smatl,  and  when  the 
damping  is  very  smaU, 
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If  a  reflecting  galvanometer  be  employed,  k°  and  a° 
will  necessaiilj  be  both  sma]!,  because,  with  a  scale  say 
two  feet  long,  put  four  feet  away  from  the  mirror,  the 
spot  of  light  will  be  deflected  from  the  centre  to  the  end 
of  the  scale  by  the  mirror  tux-ning  through  an  angle  of 
only  7°.  Indeed,  with  a  reflecting  galvanometer,  as 
explained  in  §  5f>,  page  108,  we  may,  with  considerable 
accuracy,  replace  the  aTiguLar  deflections  by  the  number 
of  di\dsions  on  the  scale  through  which  the  spot  of  light 
is  deflected.     Let  these  be  k  and  a  respectively,  then 

P      A      ife 

K  =  _  X  -s  X  —  very  approximately. 

In  order  that  we  may  employ  this  formula  without  error 
to  measure  a  quantity  of  electricity  directly  in  coulombs, 
it  is  necessi\ry  to  employ  a  "  balliatic  gcUvanomeier." 

156.  Ballistic  Galvanometer. — In  order  to  employ 
an  oixlinary  reflecting  galvanometer  as  a  bcUlistie  galvano- 
meter, the  "air  vane^*  should  be  removed  to  diminish 
the  damping  as  much  as  possible,  or  if  the  support  for 
the  mirror  and  the  magnets  be  the  air  vane  as  in  s  s 
(Fig.  107),  it  should  be  replaced  by  a  vei-tical  aluminium 
wire  ;  and,  in  addition,  the  needle  shordd  he  weighted,  as 
this  not  only  still  further  diminishes  the  damping  action, 
but  makes  the  vibrations  much  slower,  and  so  enables 
the  periodic  time  P  to  be  accurately  deteimined.  Also 
this  increase  in  the  periodic  time  tends  to  prer^ent  t/ie 
tieeJle  starting  be/ore  the  discJiarge  lias  been  completed, 
which  is  the  fundamental  condition  that  must  be  fulfilled 
in  order  that  this  formula  may  be  true.  A  very  suitable 
form  of  galvanometer  to  be  used  as  a  ballistic  galvano- 
meter is  shown  ui  Fig.  109,  in  which  r,  r  are  the  coils,  and 
inside  which  is  suspended  a  bell-shaped  magnet^  devised  by 
Messrs.  Siemens  and  Halske,  seen  in  elevation  in  m,  and  in 
plan  in  n  «,  to  the  left  of  Fig.  109.  By  means  of  an  alumi- 
nium wire  the  magnet  is  attached  to  a  mirror  s,  and  the 
whole  suspended  by  a  long  fibre  of  unspun  silk,  hanging 
inside  a  glass  tube  r.    The  fibre  can  be  raised  or  lowered 
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by  means  of  tlie  vertical  pin  at  the  top  of  tlie  tube,  and  it 

can  be  centred  hy  means  of  the  three  horizontal  screws 

(two  only  of 

vbich      are 

men  in  the 

Ggnre)whioh 

hold  in  pwi- 


iiig  the  ver- 
tical pin. 
In     the 

provided 
with  a  cen- 
tring ar- 
rangement, 
sach     aa    is 

Fig.  109,  it 
is  not  neces- 
sary to  have 
adjuglable 

seen  in  Fig. 
10  7, because, 
when  the  in- 
strnment  is 
constructed, 
the  base  can 
be  levelled 
wi^  an  ordi- 
nary    level, 

and  the  nee-  ^t-  ™- 

die  then  centred  by  means  of  the  three  adjusting  screws 
at  tlie  top  of  the  tube.     On  all  future  occasions  when  it 
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is  desired  to  use  the  galvanometer,  all  that  need  heMone 
is  to  level  the  base,  since  when  this  b  done  we  are  sure 
that  the  needle  is  properly  centred. 

This  galvanometer,  as  usually  constructed,  contains  a 
large  copper  ball  inside  the  coils,  which  is  shown  in 
section  in  K,  at  the  upper  right  hand  of  tlie  figure  ;  but 
this  ball,  which  is  introduced  for  the  purpose  of  damping 
the  vibiutions,  must,  of  course,  be  removed  when  it  is 
desired  to  use  the  instrument  as  a  ballistic  galvanometer. 
The  copper  ball  damps  by  the  magnetic  friction  produced 
by  the  attraction  between  the  moving  magnet  and  the 
electric  currents  induced  in  the  copper  by  the  motion. 

When  making  experiments  wiih  a  ballistie  galvana- 
meter y  great  care  must  he  taken  that  the  needle  is  absolutely 
at  rest  when  the  discharge  test  is  made,  oUierwise  the  ap- 
predoMe  momentum,  which  is  possessed  by  the  needle  of 
large  moment  of  inertia^  even  when  moving  slowly^  will  be 
added  to,  or  subtracted  from,  that  given  to  it  by  the  curreni^ 
and  will  introdttce  an  error.  This  necessity  of  waiting 
for  the  undamped  needle  to  come  absolutely  to  reat 
makes  observations  with  a  ballistic  galvanometer  most 
tedious,  and  it  is  well  to  place,  at  some  convenient  spot 
outside  the  galvanometer,  a  small  independent  coil  of 
wire,  in  circuit  with  a  cell  and  a  reversing  key,  by  means 
of  which  small  impulses  may  be  given  to  the  needle  to 
stop  it  when  it  is  swin/^g. 

Example  85. — With  a  galvanometer,  the  needle  of 
which  executes  11  complete  swings  in  6^  seconds  1 
Danieirs  cell,  having  an  £.  M.  F.  of  1*07  volts,  and  an 
internal  resistance  of  3  ohms,  produces  a  deflection  of 
137  scale  divisions  when  there  is  a  resistance  of  10,000 
ohHis  in  the  circuit,  excluding  the  galvanometer  which 
hafi  a  resistance  of  7,560,  and  which  is  shunted 
with  the  one  -  thousandth  shunt  What  number  of 
coulombs  is  discharged  through  the  galvanometer  when 
an  instantaneous  deflection  of  230  scale  divisions  is 
produced  1 
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The  carrent  pioducixig  the  steady  deflection  of  127 
scale  diyisions^  is 

1  107 

X amperesi 


^'^      3  +  10,000+1^ 

1,000 

or amperes  approximately, 

10,000,000      *^       *^*^ 

^          6-5                   107               230       I     , 
,   .K  = X X oomombs 

11  X  »      2  X  10,000,000       127 

approximately. 

Ansvoer, — 0*01822  microoonlombe  approximately. 

Eocamiple  86. — ^What  alteration  could  be  made  in  the 
galvanometer  referred  to  in  the  last  example  other  than 
altering  the  coils,  so  that  one-tenth  of  a  microcoulomb 
should  produce  an  instantaneous  deflection  of  100  scale 
divisions  1 

Anwoer, — Either  the  sensibility  of  the  galvanometer 
must,  by  slightly  approaching  the  controlling  magnet^  be 
diminished  in  the  ratio  of  0*01822  x  100  to  01  x  230, 
or  the  needle  must  be  weighted  so  that  the  periodic  time 
is  increased  in  the  ratio  of  01  x  230  to  001822  x  100. 

Example  87. — ^Which  galvanometer  would  be  the 
more  sensitive  for  the  measurement  of  quantity,  one 
whose  needle  made  9  complete  vibrations  in  3  second^ 
and  with  which  a  deflection  of  200  scale  divisions  was 
produced  by  1  Daniell's  cell  when  10,000  ohms  were  in 
circuit,  and  the  galvanometer  was  shunted  with  the  one- 
hundredth  shunt)  or  one  whose  needle  made  1 1  vibra- 
tions in  7  seconds,  and  with  which  a  deflection  of  85 
scale  divisions  was  produced  by  the  same  Daniell's  cell 
when  6,000  ohms  were  in  circuity  and  the  galvanometer 
was  shunted  with  the  one-thousandth  shuntT 

In  order  to  produce  an  instantaneous  deflection  of 
100  scale  divisions,  there  will  be  required  with  the  two 
galTanometers  respeotivelyi 
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^         1__  E  100 

9ir  ^  2  X  100  ^  10,000  ^  200* 

,7                1                 E         100       ,      . 
and  X X x coulomoa, 

llx      2x1,000      6,000       85 
if  £  be  the  K  M.  F.  in  volts  of  the  Darnell's  cell, 

0-08333  R       ,  006238  E      .  ,      , 

or     and  microcouiombs. 

w  w 

Consequently  the  sensibility  of  the  second  galvanoioeter 
for  measuring  quantity  bears  to  that  of  the  first  the 
ratio  of  0*08333  to  006238,  or  1-336  to  1,  hence  the 
second  is  rather  more  than  one- third  more  sensitive  than 
the  first. 

167.  Correction  for  Damping. — ^If  it  is  not  poamble 
to  remove  the  vane  of  a  galvanoxneter  so  as  to  dinunish  the  damp- 
ing to  a  very  small  value,  or  if  it  is  desired  to  make  very  accurate 
experiments,  in  which  case  the  damping,  however  small,  ought  to 
be  allowed  for,  the  following  formula  should  be  employed : — 

K  =  'JxIxi(l+4), 

where  /  is  what  is  known  as  the  **  Napierian  hgarilhmie  decrtmmt.** 
This  formula  is  correct  when  the  damping  is  too  -great  to  be  en- 
tirely neglected,  but  stUl  not  exceedingly  large,  in  which  ease  the 
formula  is  much  more  complicated. 

168.  Iiogarithmio  Decrement. — ^Whenthexeis  damping, 
the  amplitude  of  the  oscillations  of  the  needle  will  grow  gradually 
less  and  less,  and  the  **  deerem&nt "  is  the  name  given  to  the  rtUio  of 
the  amplitude  of  one  oeeillation  to  the  amplitude  of  the  succeeding  ons^ 
and  this  ratio  experiment  shows  is  the  same  for  any  two  suooessive 
vibrations.  •  The  Napierian  logarithmic  deeretnent  i^  the  logarithm 
of  this  ratio  to  the  base  c,  or  2*71828,  and  this  again  equals  the  log> 
arithm  of  this  ratio  to  the  base  10,  divided  by  the  logarithm  of 
«  to  the  base  10,  that  is, 

log.,  ratio  =  ?2iJoi^ 

logic* 
^  log.^o  ratio 

0*4343 

If  not  merely  the  value  of  log.i^  ratio  be  found  in  a  table  of 
logarithms,  but  if  the  value  of  the  uaction  be  also  calculated  by 
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umng  logarithms,  care  miut  be  taken  to  emploj  log.^^  ^o^-io  ntio^ 
that  ja,  to  extnurt  the  logarithm  twioe  orer,  becaofle 

^^•10 1^««  »tio  =  log.,^  log.j^  ratio  —  log-j,  0-4343. 

150.  Determininfif  the  liOgartthmio  Decrement 
when  the  Damping  is  Very  Slight. — ^If  the  damping  ii 
rery  alight,  it  wiU  be  rery  difficult  to  detect  any  difference  between 
the  amplitndee  of  two  saoceeding  yibrations,  so  that  the  ratio  or 
decrement  will  appear  to  be  unity,  and  its  logarithm  nought  The 
decrement  can,  nowever,  be  determined  as  follows : — Since  the 
ratio  of  the  amplitude  ot  the  first  oscillation  to  the  amplitude  of 
the  second  equals  the  ratio  of  the  amplitude  of  the  second  to  the 
amplitude  of  the  third,  &c.,  each  ratio  being  equal  to  the  decre- 
ment,  it  follows  that  the  ratio  of  the  amplitude  of  the  first  oscilla- 
tion to  the  amplitude  of  the  nth  oscillation  after  it,  that  is  the 
(m  +  l)th  oscillation,  equids  the  nth  power  of  the  decrement,  or 
generally  the  ratio  of  the  amplitude  of  any  oscillation  to  the 
amplitude  of  the  fith  osoillatioii  after  it  equals  the  Mth  power  of 
the  decrement. 

Consequently^ 

I        amplitude  of  any  oscillation _^         . 

„         „  the  ffth  „      after  it 

. 1       I        amplitude  of  any  oscillation 

the  nth  „  after  it 


tf         ft 


Now,  although  it  may  be  difficult  to  disting^uiah  the  decre- 
ment from  unity,  it  is  comparatiTely  easy  to  meaaiire  the  ratio  ol 
the  amplitude  A  an  oscillation  to  the  amplitude  of  the  nth  after  it, 
since  n  may  be  taken  so  large  that  the  ratio  differs  considerably 
from  unity. 

Example  88. — ^I^  on  causing  the  needle  of  a  galvanometer  to 
ribrate,  the  readings  on  the  scale,  at  which  the  spot  of  light  stops, 
be  -f  130,  -  120,  +  106,  -  97,  +  86,  Ac,  the  +  and  -  indicating 
deflections  to  the  opposite  side  of  the  zero,  what  is  the  value  of  the 

factor  1  4-  >,  the  oonection  for  damping  P 

Amncer, — ^The  amplitude  of  the  first  oscillation  is  130  +  120, 
of  the  second  120  +  106,  of  the  third  106  +  97,  kc  Hence,  the 
decrameiit  equals 

260       J^    4o    or  about  Mil. 

226        202 

And  log.  Mil  =  ^^'^-^^^, 
Auu  iu|(.«  »  ***  0*4343 
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—  ^^^ 
""  0-4343' 

s  O-lOoS. 

Hence,  1  +~   =  1*0626. 
2 

BxmnpU  89. — What  amount  of  damping  ib  allowable  so  fliat 
the  omiarion  of  the  factor  employed  to  ooiiect  for  damping  shall 
not  make  an  error  of  more  than  \  per  cent.  P 

AH9w$r,^l  most  eqnal  0*01,  consequently  if  if  be  the  decre- 
ment 

log.,  d  =  0-01, 

log.|o  d  =.  0-01  X  0*4343, 

.'.  d=z  1010, 

or  the  ratio  of  the  amplitude  of  ono  vibration  to  the  ampKtude  of 
the  next  must  not  exceed  1*01,  or  the  amplitude  of  one  yibrotion 
must  not  exceed  that  of  the  next  by  more  than  1  per  centw 

Bxample  90. — With  the  tbIuc  of  the  decrement  given  in  the 

last  answer,  what  will  be  the  ratio  of  the  amplitudes  of  the  let 

and  the  15th  vilnationsF 

amplitude  of  1st  vibration 
Answer.--         0-01  =  -ft  log., r_., • 

amplitude  of  Irt  vibratian  ^^^ 

„         „  15th      „ 
or  more  simply,  thus : — 

amplitude  of  Ist  vibration  _    1.A1014 
„        „   15th      „ 

=    1160. 

Example  91. — ^If  the  ratio  of  the  amplitude  of  the  Ist  vibratioa 
to  that  of  the  2lBt  is  1*2,  what  is  the  value  of  the  decrement  P 

Anetoer. —  /  =z  -^  log.«  1*2, 

, • .  l=z  000912, 

and  d=  1*009; 

or  we  may  say  at  once,  _i 

d=  vi^ 

.  • .     rf  =  1*009. 

From  this  and  the  previous  examples  we  see  that  the  tmot  in 
nefflecting  the  damping  will  be  about  \  per  cent,  when  the  ampli- 
tude  of  any  vibration  exceeds  the  amplitude  of  the  nth  vibratiOB 
after  it  by  n  per  cent,  of  the  latter. 
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160.  Oompuiuff  QuutitiM  of  ELeotrioitj, — If  two 
quantities  of  electricity  K  and  E'  coulombs  are  to  be 
compared  with  one  another,  it  is  not  necesiiarj  to  deter- 
mine P  nor  a  since,  if  k  and  i'  be  the  namber  at  divisions 
on  the  scale  over  which  the  spot  of  light  swings  in  the 
two  cases,  we  hare  from  the  com|Jete  formnlft  in  §  157, 
page  296, 

K'  "  a' 

Hie  correction  for  damping  has  also  disappeared, 
hence  when  umply  comparing  two  quantities  of  elec- 
tricitj  onr  galvano- 
meter  may  conveni- 
ently, and  without  in 
the  least  oompUcating 
tiie  calculation,  have  a. 
certain  gmaU  amount 
of  damping. 

A  simple^  conveni- 
ent., and  cheap  reflect- 
ing galvanometer,  to 
be  used  for  ^e  simple 
comparison  of  quanti- 
ties of  electrioity,  has 
been  arranged  by  Mr. 
Matbor,  and  ia  ^own 
in  Fig.  110.  It  cou- 
sists  5[  two  coils,  c  (f, 
supported    in  position  fig.  uo. 

by  fitting  into  diannels 

formed  on  the  base,  and  a  vertical  narrow  strip  of  mica, 
B8,  suspended  by  a  fibi'<j  of  unspunsUk,  f,  carrying  tiie  mir- 
ror M,  and  three  sets  of  magnets,  nt, ,  m,,  and  m^.the  first  and 
tliird  of  which  form  an  astatic  combination  witii  the  middle 
set,  m^,  which  ia  inside  Uie  ooUa :  mj  and  m^  although  not 
surrounded  with  wire,  are  nevertheless  deflected  by  the 
currentpassinground  the  adjacent  convolutions  of  the  coil 
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in  the  same  direction  as  m^  which  is  inaide  the  ooit,  so 
that  the  ma^dtic  forces  acting  on  all  three  seta  of 
magnets  ctmjoin  in  their  effects.  The  damping  tuiung 
from  the  resistance  of  the  air  to  the  motion  of  tiie 
mirror  will  be  sufficient  for  reiy  accurate  capacity  CKperi- 
ments,  and  the  strip  8  s  ntaj  be  replaced  by  an  aluminium 
wire.  If,  however,  rather  greater  damping  be  desired  it 
can  easily  be  produced  hj  using  the  narrow  ptrip  of 
mica  to  support  the  needles  and  mirror,  as  in  the 
galvanometer  shown  in  Fig.  110.*  The  magnets  may  be 
raised  or  lowered  by  the  pin  p,  and  to  avoid  torsioii 


l«ing  given  to  the  fil>re  by  the  head  of  the  pin  beang 
turned  round  in  an  unknown  way,  there  is  a  vertical  line 
drawn  on  the  pin,  and  a  mark  mode  on  the  collar  in 
which  this  pin  slides,  and  by  keeping  the  line  on  the  pin 
always  opi>o8ite  the  mark  on  the  collar  when  the  pin  is 
raised  or  lowered,  alt  turning  of  the  pin  can  be  avoided. 
This  contnvance  is,  of  course,  cheaper  than  the  simplest 
roechanioal  urrangement  for  preventing  rotation  of  the 
pin  when  it  is  raised  or  lowered. 

161.  Capacity. — When  one  conductor  is  completely 
surrounded  by  another,  the  "  eapaeity  "  of  the  inner  one 
is  Uie  nutnber  ofcouJomba  required  to  be  ffivtn  to  the  inner 
to  produce  1  volt  P.  D.  behjoeen  the  tvio.  For  example,  the 
capacity  of  A  (Fig.  Ill),  is  the  number  of  coulombs  on  a 
when  thera  is  1  volt  P.  D.  between  a  and  a 

The  capacity  of  a  conductor,  therefore,  depends  on  its 
extenud   shape,  and  on  its  position   relatively  to   the 
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conductor  surrouniling  it^  since,  as  seen  in  §$  66y  67, 
page  ]  19,  the  potential  of  a  conductor  relatively  to 
another  can  be  varied  without  altering  the  quantity  of 
electricity  on  the  former,  by  varying  either  its  external 
shape  or  its  position  relatively  to  the  latter.  If  a 
metallic  plate  a  (Fig.  112)  be  surrounded  with  a  flat 
metallic  box  B,  the  top  and  bottom  of  the  box  being 
parallel  to  a,  and  ven/  near  A,  then  the  capacity  of  A  will 
be  very  large,  since  it  will  require  a  veiy  larg«  charge  of 


Vie.  112. 

electricity  to  be  given  to  a  in  oi-der  to  raise  the  P.  D. 
between  a  and  B  to  1  volt. 

162.  Condenser. — An  arrangement  of  conductors  such 
as  is  shown  in  the  last  iigure  is  called  a  *'  condenser,**  so 
that  a  condenser  may  be  defined  as  tvx>  conductors 
separated  by  an  insulator,  and  so  placed  relatively  to 
one  another  that  the  capacity  of  the  arrangement  is  large 
compared  toitk  the  «»M  o/  tke  conductors, 

A  condenser  having  a  large  capacity  does  not,  of 
course,  mean  that  it  would  hold  a  large  charge  without 
its  insulation  breaking  down,  but  that  it  would  hold  a 
large  charge  for  the  P.  D.  between  its  coatings.  As  far 
as  power  to  hold  a  diarge  from  the  non-breaking  down 
of  the  insulation  is  concerned,  a  condenser  of  small 
capacity  may  be  able  to  hold  a  larger  charge  than  a 
condenser  of  much  larger  capacity. 

If  A  (Fig.  112)  be  charged  with  positive  electricity, 
there  will  be  a  charge  of  negative  electricity  on  the 
inside  of  B,  whereas  if  a's  charge  be  negative,  then  the 
charge  on  the  inside  of  b  will  be  positive.  We  have 
further  seen  (§  60,  page  113)  that  the  quantity  of  elec- 
tricity on  a  is  exactly  equal  in  amount  to  the  charge  of 
the  opposite  kind  of  electricity  on  the  inside  of  &     We 
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may,  therefore,  define  the  capacity  of  the  eondenmr  eitiier 
u  the  number  of  couhmbt  neeeteary  to  be  giwn  lo  a,  or 
the  number  ofeoulombi  on  the  inner  mrfaee  ofv  when  Ae 
P.  D.  between  t/iem  ii  1  coO. 

If  we  desire  to  make  a  condenser  with  a  vet^  lar^ 
capacity,  we  muy  either  iDi^e  the  plates  very  lajge,  or 
the    distance  between    them   very   small.      There    arc 


obviously  prsctdoLl  difficulties  in  making  the  distance 
separating  the  plates  very  small,  as  the  insulation  is 
liable  to  be  insufficient^  either  from  particles  of  dnst 
passing  rapidly  backwards  and  forwards  between  the 
charged  plates,  and  so  discharging  them,  or  from  actnal 
sparks  passing  when  the  F.  D.  between  the  plates  is 
high.     On  the  other  hand,  if  the  plate  a  and  the  box  b 


(Fig.  112)  be  veiy  large  in  area  the  apparatus  becomes 
cttmbersome.  This  difiicalty,  however,  may  be  overcome 
by  making  both  a  and  b  consist  of  a  series  of  plates 
(shown  in  section  in  Fig.  113),  and  a  condenser  is  usually 
symbolically  represented  in  this  way,  or,  still  more 
simply,  by  two  lines  drawn  parallel  to  one  another,  as  in 
Fig.  114,  and  the  sets  of  plates,  a  and  b,  are  called  tlie 
"  eoalingt "  of  the  condenser. 

163.  Oapaoitj  of  a  Condenser  is  Cosetftnt — By 
charging  a  condenser  with  different  P.  Ds.,  and  measuring 
widi  a  galvanometer  the   quantity   of   electricity  that 
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eaten  one  oi  the  coatmga,  or  the  quantity  that  leayes 
this  ooatingwhen  the  condenser  is  dischai^red,  it  can  be 
experimentally  proved  that  this  quantity  is  directly  pro- 
portional to  the  P.  D.  The  capacity  of  a. condenser  may, 
^erefore,  be  defined  as  </m  ratio  of  the  number  of 
coulomb9  in  one  coaUng  to  the  P.  D.  in  voUa  between  the 
eoatinffSy  this  ratio  being  a  constant  for  a  given  condenser. 
Unless  the  galvanometer  employed  be  very  sensitive, 
it  is  better  when  making  the  experiment  just  referred  to^ 
for  testing  the  constancy  of  the  capacity  of  a  condenser, 
to  use  a  condenser  of  larffe  capacity  of  the  type  described 
in  §  173,  page  317. 

164.  Variation  of  the  Capacity  of  a  Condenser  with 

the  Area  of  its  Coatings. — ^That  the  capacity  of  a  con- 
denser is  directly  proportional  to  the  effective  area  of  either 
of  the  coatings  hardly  needs  proof,  because  a  condenser 
with  coatings  of  large  area  may  be  regarded  as  being 
made  up  of  two  or  more  smaller  condensers,  such  that 
the  sum  of  the  areas  of  one  set  of  coatings  of  the  smaller 
condensers  is  equal  to  the  area  of  one  of  the  coatings  of 
the  larger,  the  dist<ance  between  the  coatings  in  the  large 
condenser  and  in  each  of  the  smaUer  ones  being  the 
same,  and  it  is  clear  that  the  capacity  of  the  set  of 
smaller  condensers  is  the  sum  of  their  capacities. 

165.  Variation  of  the  Capacity  of  a  Condenser  with 
the  Distance  between  the  Coatings. — If  we  had  a  con- 
denser of  large  capacity,  and  the  distance  between  the 
coatings  of  which  could  be  varied  at  will,  an  examination 
of  the  variation  of  the  capacity,  with  the  distance  between 
the  coatings,  might  be  made  by  fixing  the  coatings  at 
various  distances  from  one  another,  and  measuring  the 
number  of  coulombs,  or  the  fraction  of  a  coulomb,  required 
to  charge  the  condenser  in  the  different  cases  with  the 
same  P.  D.  But  practically  it  is  found  that  any  condenser, 
the  size  of  whose  coatings  is  not  so  large  but  that  the 
distance  between  them  can  be  conveniently  adjusted,  has 
so  small  a  capacity  that  when  charged  with  even  a  larj^e 
battery  of  galvanic  cells  in  series,  its  cLaige  cannot  be 
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measured  with  even  a  very  delicate  galranometer.    Hence 
we  are  compelled  to  use  some  skUical  method  for  in- 
.vestigating  the  variation  of  the  capacity  of  a  condenser 
with  the  distance  between  its  ooatii^g&     One  plan  would 
be  to  give  the  condenser  a  chai^,  and  then,  on  Yarjing 
the  distance  between  the  coatings  without  discharging  it, 
to  measure  the  variation  of  P.  D.  between  the  coatings  hy 
means  of  a  suitable  electrometer.    From  this  the  variation 
of  the  capacity  could  be  at  once  determined,  since,  with 
a  constant  charge  in  the  condenser,  the  capacity  must 
be    inversely   pro]X)rtional   to  the   P.  D.    between  the 
coatings. 

The  following  method,  devised  by  the  author,  however, 
enables  us  to  ascertain  the  law  of  variation  of  the  capacity 
with  the  distance  between  the  coatings,  without  making 
measurements  either  of  the  various  distances  between  the 
coatings,  or  of  the  various  P.  D&  corresponding  with 
these  distances,  bb,  b'b',  Fig.  115,  are  wooden  boards 
(one  of  which  b'  b'  in  the  figure  ia  shown  removed  from  the 
apparatus,  in  order  that  tiie  interior  may  be  seen)  with 
their  surfaces  opposed  to  one  another,  carefully  planed  so 
as  to  be  parallel,  and  coated  with  tinfoil,  so  as  to  make 
them  conducting.  These  surfaces  together  form  the 
outer  coating  of  a  condenser  corresponding  with  B 
(Fig.  112).  The  inner  coating  consists  of  the  two  sheets 
of  tinfoil,  T  T,  T*  T*,  which  are  parallel  to  the  surfaces  of 
B  B  and  b'  b'.  This  tinfoil  is  stuck  on  thin  cloth  to  give 
it  strength,  as  it  has  to  roll  over  the  small  rollers  r  r\ 
when  the  rod  n,  to  which  one  of  the  edges  of  each  of  the 
sheets  of  tinfoil  is  attached,  is  pulled  down  by  the  thin 
silk  cord  c  c,  or  when,  on  this  cord  being  slackened,  the 
weight  w  w,  to  which  the  opposit-e  edges  of  the  two  sheets 
of  tinfoil  are  attached,  pulls  t  t  and  t'  t'  down,  and  the 
rod  n  up.  The  rollers  R  r',  which  are  made  of  steel,  are 
only  about  one-tenth  of  an  inch  thick,  and  are  placed 
close  together,  so  that  the  surface  of  the  tinfoil  wrapped 
round  them  may  be  as  small  as  possible,  and  so  that 
there  may  be  no  inductive  action  between  the  tinfoil  on 
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the  vertical  wooden  bcMrdB  and  tlie  inner  awfacea  ot  the 
eheeta  t  i  &nd  r"  t'.     The  rollers  are  foinboA  at  tbeir 


enda,  where  they  are  Biipported  b;  the  brass  pieces  (  b, 
which  are  firmly  cemented  to  tHe  tops  of  the  glass  rods 
a  a'.    The  two  sheets  of  tinfoil  are,  therefore,  iosolated 
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from  the  ground.  To  keep  the  glaas  rods  diy  they  are 
each  sarronnded  with  a  tube  ff,  inside  which  is  placed 
dry  flannel  which  absorbs  moistura  The  tubes  are 
hinged  down  their  sides,  so  that  they  can  easily  be  opened 
and  removedy  and  in  th^  figure  the  one  belonging  to  the 
rod  q'  has  been  removed.  Swaying  of  the  weight  w  w  side- 
ways, as  well  as  side  attraction  of  the  suspended  sheets 
of  tinfoil  T  T,  t'  t',  are  prevented  by  the  weight  bein^ 
guided  by  the  cord  c  O  passing  through  it. 

The  boards  b  b  and  b'  b',  which  are,  as  seen  in  the 
figure,  strongly  stayed  at  the  back  to  prevent  warping, 
can  be  made  to  recede  from  one  another  by  pushing  in 
the  wedge  w  to,  by  means  of  the  screw  s,  or  to  approach 
one  another  by  turning  the  screw  in  the  opposite  direction, 
when  the  wedge  is  withdrawn,  and  a  spring  pressing 
against  each  plate  pushes  them  together.  In  addition  to 
the  horizontal  boards  h  h',  carrying  b  b  and  b'  b',  being 
always  pressed  by  these  springs  against  the  side  of  the 
wedge  wiJOfS.  pin  on  the  underside  of  each  board  slides  in 
a  groove,  the  groove  g'  g*  seen  in  the  figure  being  that  in 
which  the  pin  attached  to  h'  slides,  b  b  and  b'  b',  thenw 
fore,  move  parallel  to  themselves,  so  that  in  all  positiona 
the  opposed  surfaces  are  parallel  The  cord  c  c  first 
passes  under  a  little  pulley  p  attached  to  the  base  of  the 
instrument,  then  under  a  second  pulley  p,  moving  with 
the  wedge,  and  its  end  is  attached  to  the  pin  q  ^the  wedge 
in  the  figure  being  cut  away  to  show  the  pulleys).  Hence 
on  turning  the  screw  s,  so  as  to  push  in  the  wedge  and 
separate  B  b  and  b'  b',  the  cord  o  c  is  slackened  and 
consequently  the  rod  n  rises,  and  the  weight  w  w  descends, 
causing  the  area  of  the  surface  of  the  tinfoil  t  t  and  t'  t^ 
opposed  to  B  B  and  b'b'  to  increase,  and  by  selecting  a 
proper  angle  for  the  wedge  w  «9,  and  a  proper  pitch  for  the 
screw,  the  area  of  the  two  surfaces  of  the  tinfoil  t  t  and 
t't'  can  be  made  to  increase,  so  as  to  be  exactly  pro* 
portional  to  the  distance  separating  them  from  Uie 
surfaces  of  b  B  and  b'b'. 

Under  these  conditions,  if  the  inner  coating  of  the 
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ocmdeuBer  be  oonnected  with  the  gold-leaves  of  an  electro- 
scope,  and  the  outer  coating  of  the  condenser  be  connected 
with  the  outside  of  the  electroscope,  and  if  a  potential 
difference  be  set  np  between  the  coatings,  it  will  be  found 
that  no  alteration  of  the  divergence  of  the  go]d-leaves 
will  be  produced  bj  approaching  or  separating  b  b  and 
b'  b'.  Now  the  quantity  of  electricity  on  the  outer  sur- 
faces of  T  T  and  t't'  is  a  constant,  since  ^ere  is  no 
electricity  inside  a  conductor  (§  64,  page  118).  Conse- 
quently this  experiment  tells  us  that  if  the  ratio  of  the 
area  of  the  inner  coating  to  the  distance  between  the 
coatings  is  kept  constant^  the  capacity  of  the  condenser  is 
constant.  But  we  have  seen  (§  164,  page  303)  that  the 
capacity  of  a  condenser  is  directly  proportional  to  the 
effective  area  of  either  of  the  coatings,  hence  it  fol- 
lows that  the  capacity  of  a  condenser  with  plane  parallel 
plates  is  inversely  proportioned  to  t/ie  distance  between  t/is 
eoaUnffs. 

166.  Farad. — A  ''farad"  is  the  unit  of  capacity, 
and  a  condenser  has  a  capacity  of  one /ar ad  when  a  F,  D, 
of  1  voU  between  its  ttoo  sets  of  plates  charges  ecush  of 
them  with  1  covlomb. 

If  A  be  the  area  in  square  centimetres  of  the  entire 
sur£EU»  of  either  of  the  two  sets  of  opposed  parallel 
plates  of  an  air  condenser,  and  t  be  the  distance  in  centi- 
metres separating  them,  and  if  F  be  the  capacity  of  the 
condenser  in  farads, 

A 

F  = 


M31  X  1018  X  t 
If  A  be  reckoned  in  square  inches,  and  t  in  inches^ 


4-452  X  10"  X  I 


A  farad  is  rather  a  large  unit  of  capacity  lor  ordinary 
purposes,  hence,  one-millionth  of  a  farad,  or  a  "  micro- 
farad^   is  more  commonly  employed.      If    M   be  the 
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oapr^citj  in  micrqfarada  of  the  air  condenser,  and  A  and 
I  be  in  iqaare  centimetres  and  centimetres  respectivelj, 

M= ; 

1131  X  107  XI 

whereas,  if  A  and  t  be  in  square  inches  and  inches  re- 
spectivelj, 

M=  — A__ 

4-452  X  10«  X  / 

In  order  that  the  preceding  formula  may  be  strictly 
correct,  the  linear  dimensions  of  the  plates  must  be  large 
compared  with  the  distance  between  them.  It  can, 
however,  be  made  rigorously  true  even  when  this  is  not 
the  case  if  a  guaixi-ring,  described  in  §  44,  page  89,  be 
employed  with  one  of  the  plates,  and  be  at  the  same 
potential  as  this  plate.  In  that  case  A  is  the  area  of 
the  smaller  plate,  not  including  the  area  of  the  guard -ring, 
and  F,  or  M,  is  the  capacity  of  this  plate,  not  including 
the  capacity  of  the  guard-ring  itsel£ 

167.  Charge  in  Terms  of  Capacity.— If  K  be  the 
charge  in  coulombs  in  an  air  condenser,  having  a 
capacity  of  F  farads,  when  there  is  a  P.  D.  between  the 
coatings  of  V  volts,  it  follows  from  tlie  definition  of 
capacity,  that 

K  =  F  X  V, 

also  if  M  be  the  capacity  in  microfarads  that 

^_  MxV 
10* 

168.  Capacity  of  a  Cylindrical  Condenaer^— If  the 

two  coating  of  an  air  oondeneer  oonast  of  two  oonoe&tric  cylinden 
A  B,  c  D  (Fig.  1 16) ,  of  length  /  centimetres,  and  of  zadii  or  diameten, 
U  and  r  respectively,  the  capacity  F  in  lanuU 

2*413  ; 

"  10»        log.MB— log.Mr* 

^  1^-w  ^ — lofir'n**  ^ualfl   log.|9-i  it  is  obviooB  that  II 
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is  quite  immaterial  wliat  nnits  of  length  are  employed  in  meamr- 
ing  R  and  r,  provided  that  the  aame  unit  is  employed  in  each 
case. 

If  M  be  the  capacity  in  microfarads, 
T^*_  2-413  I 


10'  log.,0  B— logr.,0  ^ 

A  common  example  of  a  condenser  having  its  coatings  con> 
centric  cylinders  is  a  submarine 
cable  (see  Fig.  98,  §  140,  page 
267),  the  outer  coating  being  the 
water  or  the  iron  sheathing  in 
contact  with  the  insulating  core, 
and  the  inner  coating,  the  sur- 
face of  the  copper  conductor. 
Consequently,  if  Kbe  the  radius  Fi?.  116. 

of  the  core,  and  r  the  radius  of  '     ' 

the  conductor,  and  if  n  be  the  length  of  the  cable  in  knots,  the 
capa<ity  in  microfarads 

^^2-413  X  2029  X  91-44        n 

107  log.jjE— log.iof 

4-476 


X 


10»  log.,oEr— log-io*' 

169.  Speeiflo  Inductive  Capacity. — ^The  capacity  of 
a  condenser  can  be  still  further  increased  by  using,  in- 
stead of  air  for  the  insulator,  glass,  guttapercha,  india- 
rubber,  paraffin  oil,  or  some  other  solid  or  liquid  insulator. 

If  K  be  the  number  of  coulombs  of  positive  electricity 
required  to  be  given  to  a,  and  of  negative  electricity  to 
B,  80  as  to  produce  1  volt  P.  D.  between  them*  when  they 
are  separated  by  air,  then  if  the  air  be  replaced  by  some 
other  substance,  and  no  other  change  be  made  in  the 
condenser,  the  number  of  coulombs  now  required  to  pro- 
duce 1  volt  P.  D.  between  a  and  b,  will  be 

K  X  **the  specyic  inductive  capacity^' 

Hence  the  speci/ic  inductive  capacity  of  a  substance  is 
ike  ratio  of  the  capacity  of  a  condenser  when  its  plates 
are  separated  by  tJiis  substance  to  the  capacity  of  the 
same  condenser  when  its  plates  are  separated  by  air. 

The  following  table  gives  a  list  of  the  specific  indu^ctive 
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capacUiei  of  some  important  subetanoes  as  detemiiiieJ 
bj  varioiiB  experimenters,  whose  names  are  given  in  the 
third  column : — 


TABLE  No.  VL 


Sabstiaoa. 

Bpeoiile  IndnctiTe 
Oapaoitj. 

Aotboii^. 

Vacanniy  air  at  about  0*001 
millimetro  proflBure     .    • 

0-94  about. 

Author. 

Vacanm,  air  at  about  6  miOi- 

0-9985 

Author. 

metres'  prooauro     •    .    • 

0-99941 

Hjdrogen  at  about  760  milli- 

0-9997 

Boltsmann. 

metres*  prooBure     •    •    • 

0-9998 

Author. 

Air  at  about  760  millimetres' 

1 

Taken    as    the 

pressure    ..•••« 

Gubooic  Dioxide  at  about 

1000366 
1-0008 

'Rnlf.ciwifl.n-n. 

760  millimetres^  pressure . 
Olefiant  Qas  at  about  760 

Sulphur  Dioziae  at  about 
760  millimeties'  pressure . 

Author. 

1000722 

1 10037 

Author. 

/'1-92 

Schiller. 

1-96 

Wiillner. 

PazafiSn  Wax,  Clear  .    .    . 

-  1-977 

Gibson  and  Bar- 
clay. 

1 2-32 

Boltxmann. 

Ptoaffin  Wax,  Milky  .    .    . 

2-47 

Schiller. 

Indiarubber,  Pure .... 

2-34 

Schiller. 

„          y,     Vulcanised.    . 

2-94 

Schiller. 

Resin       . 

2-66 

(2-66 

Wnllner. 

Ebonite 

2-76 

SchiUer. 

316 

Boltzmann. 

Sulphur 

(2-88  to  3-21 
13-84 

Wiillnflr. 

Shell-lac 

2-96  to  3-73 

Wiillner. 

Guttapercha 

4-2 

Mica        

6 

Flint  Glass,  Very  Ught  .    . 
„        „      light     .    .    . 

6-67 
6-85 

< 

y,        ,}      j^Quse     ... 

7-4 

» J.  Hopkinaon. 

„        „      Double     extra 
dense 

10-1 

Ghap-TILj  iPBOrnO  IHDUOTIVB  CAFAOITT.  Sll 

Not  mereij  is  the  capacity  of  a  condenser  increased 
by  using,  say  glass  instead  of  air,  as  the  "  didedrie  "  or 
inmlaiing  material  through  fchich  the  induction  takes 
place,  but  the  resistance  to  loss  of  charge  by  sparking  is 
immensely  increased ;  hence,  with  a  glaiss  condenser  far 
greater  P.  Ds.  can  be  used  than  with  an  air  condenser  of 
the  same  size.  The  reeietance  to  sparking  does  not  de- 
pend on  the  insulating  quality  of  the  substance,  hut  on 
its  rigidity  and  the  resistance  it  in  consequence  op- 
poses to  rupture, 

I^  instead  of  air,  a  substance  having  a  specific  induc- 
tive capacity  t  be  employed,  in  a  condenser  made  of 
parallel  plates, 

Ycsix  — 

M31  X  10"  X  / 

•ndM  =  *x 

M31  X  107  X  I 

if  A  and  I  are  reckoned  in  square  centimetres  and  centi- 
metres respectively ;  and 

F  =  fX   ^ 

4-452  X  10"  X  I 

andM  =  f  X ^ 

4-452  X  10«  X  < 

if  A  and  t  are  reckoned  in  square  inches  and  inches  re- 
spectively. 

Simihirly  the  logarithmic  formulae  given  in  §  168, 
page  308,  for  the  capacity  of  a  cylindrical  condenser, 
must  be  multiplied  by  «,  the  specific  inductive  capacity  of 
the  dielectric  when  this  is  paraffin  wax,  glass,  ^,  or 
when,  as  in  the  case  of  a  submarine  cable,  guttapercha  or 
indiarnbber  fills  up  the  space  between  the  two  con- 
ductors. 

Example  92. — If  the  distance  between  the  plates  in 
an  air  condenser  be  1  millimetre,  what  must  be  the  area 


312  P&AOnOAL  SUBOTBiaiXT.  rChap.  TIB. 

of  each  set  of  plates  in  order  that  the  capacity  may  be  1 
microfarad?    -        Answer. — ^About  1,131,000  sq.  cent. 

Baximple  93. — How  many  plates  about  1  foot  square 
would  be  necessary  to  produce  the  area  required  in  the 
las^t  answer,  and  what  would  be  the  exact  size  of  each 
plate  t 

If  we  assume  that  the  plates  were  each  1  square  foot^ 

then,  sLbce  the  area  on  both  sides  of  each  plate  is  utilised, 

it  follows  that  the  number  of  plates  required  would  be 

1,131,000       ^^^„      _         ,^     ^      ,  '      .      •  ^^> 

^-— h—  or  608-7.     We  could,  therefore,  either  use  608 
1,858-02 

plates,  each  a  little  lai^r  than  1  square  foot,  or  609 

plates,  each  a  little  smaller.     The  latter  will  be  nearer  in 

size  to  the  square  foot,  and  using  this  number,  it  is  easy 

to  calculate  that  each  plate  must  be  0*9994  square  feet» 

or  1 1  -99  inches  square.     For  the  other  coating  b  (Fig. 

113,  page  302^,  there  must  be,  of  course,  610  plates,  since 

one  sui^ace  of  each  of  the  outer  plates  of  B  will  have  no 

action  as  a  condenser. 

Example  94. — If  the.  insulating  material  in  a  condenser 
be  paraffined  paper,  and  if  we  assume  that  the  specific 
inductive  capacity  of  the  paraffined  paper  is  the  same  as 
that  of  paraffin  wax,  1*977,  what  must  be  the  thickness  of 
the  paper  in  order  that  the  condenser  may  have  one-third 
of  a  microfarad  capacity  when  the  area  of  each  set  of 
plates  is  205  square  feet  9    Answer. — 0*03933  of  an  indi. 

Example  95. — A  cylindrical  glass  jar  one-tenth  of  an 
inch  thick,  and  3  inches  in  diameter,  is  coated  inside 
and  outside  with  tinfoil  on  the  bottom,  and  on  the  sides 
for  a  height  of  3  inchea  If  the  glass  be  extra  dense 
flint,  what  must  be  the  P.  D.  between  the  tinfoil  coat- 
ings so  that  the  charge  may  be  one- millionth  of  a  coulomb  f 

The  glass  being  very  thin,  the  formulae  for  a  condense* 
formed  of  plane  parallel  plates  may  be  used.      The  areisi 

.   »  X  3»       . 

of  tinfoil  at  the  bottom  is  — r —  sq.  inches,  that  on  the 
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aides  w  x  3  x  3  sq.  inchea     I^  therefore,  V  be  the  qh- 
known  P.  D.  in  Yolte, 

"LJi^  +  wxZ  X  3 
1 


=  10-1  X  -t-tt:: 7^^ r-  V. 


10«  4-452  X  10i«  X  A 

.  • .  V  =  1247  An$wer.—I2i7  volta 

Example  96. — ^What  is  the  capacity  of  the  gkss  con- 
denser referred  to  in  the  last  question  { 
If  F  be  the  capacity  in  fiutiidsy 

F= \ , 

10«  X  1,247 

hence  the  capacity  is  0-0008021  microfarada 

BsMuitpU  97. — ^The  diameter  of  the  copper  conductor  of  the 
Direct  United  Statee  cable  being  0*16  of  an  inch,  the  diameter  of 
the  guttapercha  core  0*446  of  an  inch,  and  its  length  2,443  Imota, 
what  is  ito  capacity  P 

From  the  formulaB  in  {  168,  page  300,  we  bave 

M=4^xl:l!?x    2^*^ 


10«         .  ^      446 

160 
=:  1081.  .4<ii«iMr.~1031  microfuads. 

The  actoal  capacity  determined  by  experiment  \b  1000-4  micro- 
ftmidB 

170.  Condenaen  flir  Large  P.  Ds.— The  duirge  in  a 
condenser,  K  coulombs,  equals,  as  we  have  already  seen, 

Fx  V, 

hence  this  charge  can  be  made  great  by  making  one  or 
other,  or  both  of  the  fi&ctors,  F  and  Y  larga  For  experi- 
ments with  the  old  form  of  ^^frictumcd  electrical  machines,** 
at  with  the  more  modem  form  of  "  infiuenee  machines  " 
(see  §  196,  page  371),  it  is  Y  that  is  always  made  laige, 
whereas  when  galvanic  batteries  are  used  as  the  source  of 
the  P.  D.,  it  is  F  that  is  usually  made  larga  In  the 
recent  experiments,  however,  made  by  Dr&  De  La  Rue 
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and  Hugo  Htlller,  with  their  large  ailrer  chloride  haiterj, 
cxmBisting  of  some  20,000  cells,  the  coodenaera  hftve  been 
made  to  Btaod  the  high  P.  D.  produced  by  this  batteiy  aa 
well  as  to  h&ve  a  lai^  capacity.  Whea  thousands  of 
Tolts  are  to  be  employed,  a  large  recistatice  to  sparkini;;  is 
therefore  quite  as  important  as  high  specific  iudnctiye 
capacity,  and,  as  already  stated,  requires  that  the  dielectric 
should  be  rigid.     (See  tha  note  to  §  192,  page  358.) 

171.  Leyden  Ju. — Some  kind  of  glass  is  usually 
employed  ia  the  otwstruction  of  condensers  that  are  to  be 
chained  with  a  very 
large  P.  D.,  and  the 
condenser  takes  tlie 
form  of  a  "  Leyden 
jar,"  a  type  of  which 
is  seen  in  Fig.  117. 
The  name  is  derived 
from  the  town  of 
Leyden,  at  which  the 
property  of  electric 
capacity  was  accident- 
ally discovered  in 
1746,  by  Mnsschen- 
hroeic,  and  his  papil 
Pj^  Uj  Cunens.     Dedring  to 

collect  the  supposed 
electric  fluid,  they  used  a  bottle  partly  filled  with  water, 
into  which  dipped  a  nail,  passing  through  the  cork,  to  carry 
the  fluid  from  the  electric  machine  to  the  water,  and  on 
CuneuB  touching  the  nail  with  one  hand,  the  bottle  being 
held  in  the  other,  he  received  a  shock. 

In  the  ordinary  Leyden  jar,  such  as  is  seen  in  Fig. 
117,  the  tin  coatings  are  sheets  of  tinfoil,  one  pasted 
inside  the  jar,  and  die  other  outside;  Electric  connec- 
tion is  made  with  the  inside  coating  either  by  a  metal 
rod  or  rods  resting  on  the  bottom,  or  more  commonly, 
by  a  chain  or  a  flexible  bit  of  wire  hanging  from  a 
brass  rod,  which,  in  this  case,  is  supported  by  a  wooden 
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cover  to  the  jar  to  which  the  rod  is  fixed  But  raoh  a 
Leyden  jar,  even  when  the  sniface  of  the  glass,  which  is 
not  covered  with  tinfoil,  is  coated  with  shdl-lac  or  other 
varnish,  has  but  a  poor  insuhition  in  damp  weather,  and 
requires  the  glaas  to  be  oonstantlj  held  in  front  of  the 
fire  to  be  dried.  For  with  the  wooden  cover  in  contact 
with  both  the  metal  rod  and  with  the  edge  of  tiie  jar, 
in  accordance  with  tho  unscientific  form  of  construction 
Qsoally  adopted,  the  interior  of  the  glass  helps  but  little 
towards  holding  the  charge,  seeing  that  if  the  outside  of 
the  wo  jden  cover  and  of  the  jar  be  dirtj  and  moist,  there 
is  a  direct  road  for  the  electricity  to  leak  from  the  rod  to 
the  tinfoil  outside,  without  passing  at  all  over  the  glass  on 
the  interior.  Hence,  that  portion  of  the  glass  which  it 
is  moat  easy  to  keep  dry  and  dean,  is  rendered  useless  by 
the  presence  of  the  wooden  cover  in  contact  with  the  rod. 
On  this  account  the  form  of  Leyden  jar  shown  in  Fig. 
118,  and  originally  employed  by  Sir  William  Thomson, 
is  much  to  be  preferred.  The  outer  coating  consists  of 
tinfoil  T  T,  as  in  the  ordinary  Leyden  jar,  but  the  inte- 
rior is  formed  of  strong  sulphuric  acid  ss,  into  which 
dips  a  leaden  rod  L^  expanded  at  the  lower  part  into  a 
sort  of  foot  so  as  to  stand  firmly  on  the  bottom  of  the 
glass  jar.  Both  rod  and  foot  are  made  of  lead  so  as  not 
to  be  acted  upon  by  the  add,  but  the  upper  part  I  of  the 
rod,  which  does  not  dip  into  the  acid,  may  be  conve- 
niently made  of  iron,  being  less  liable  to  bend  than  lead. 
The  mouth  of  the  jar  is  partially  closed  with  a  wooden 
cover  w,  to  keep  out  dust,  and  retard  a  too  rapid  inter- 
change of  the  air  between  the  inside  and  outside^  which 
would  prevent  the  sidphuric  add  being  able  to  keep  the 
interior  surface  of  the  glass  dry.  A  cork  c,  sliding  on 
the  rod  i,  is  pressed  down  when  the  jar  is  not  in  use, 
but  is  raised  up  to  prevent  electric  contact  between 
the  rod  and  the  cover  ww,  when  the  jar  is  to  be 
charged. 

In  Fig.  118  there  is  seen  carried  by  the  ii-on  rod  a 
metallic  cone.    This  may  be  used  for  mcJdng  experiments 
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in  density  with  tiie  proof  plane  (see  §  63,  page  118), 
and  the  advantage  of   attaching  the   charged  cone,  or 
other  condactor  (the  diBtributioQ  of  denaitj  over  'whose 
surface  we    deeire    to    meMaure),    to    another    condno- 
tor  of  lai^  capacity,  is  that  the  amount  of  electricity 
removed  by  the  pivof  plane,  each  time  we  tonch  tlie 
Borface  of  iha  cone,  does  not  sensibly  diminish  the  poten- 
tial or  the  total  charge  pos- 
sessed  by  the  coue.    Withoat 
the  use  of  the  Leydea  jar, 
the  effect  of   toadking   any 
point  A  on  the  cone  with  the 
proof    plane,   and  removing 
the  proof  plane,  is  not  merdy 
to    remove    the    amount  at 
electricity  that  was   on  the 
surface  of  the  cone  touched 
by  the  proof  plane,  but   to 
slightly  diminish  the  detudly 
of   every  other  part  of    the 
surface    of  the    cone,    since 
electricity  has  to  flow  from 
the  rest  of  the  body  to  re- 
charge the  part  touched  by 
-  the  proof  plan&     Hence,  if 
the  cone  he  first  charged  to 
Tig.  11&  a  given  potential,  and  then 

the  relative  densities  at  any 
points  A  and  b  be  determined  by  touching  them  succes^ 
sively  with  the  proof  plane,  slightly  different  results  will 
be  obtained,  according  to  the  order  in  which  these  two 
points  are  touched.  The  use  of  a  well-insulated  Leyden 
jar  removes  the  difficulty,  which  may  also,  to  a  certain 
extent,  be  overcome  by  first  touching  A,  nnd  measuring 
the  cfaai^  q„  taken  away  by  the  proof  plane,  then 
touching  B,  and  measuring  the.  charge  q^  removed, 
and  thirdly,  touching  A  a^^n,  and  measuring  the 
'***8^  9H  removed  by  the  proof-  plane  on  touching  a  a 
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Becond    time,  becaose  the  densi^  at  b  will  be   to  the 
denmtj-  at  a  i^prozimately,  as 


},lo'- 


tl>. 


A  glasB  jar,  with  a  oonttacted  neck,  as  shown  in  Fi^ 

119,  would  have  a  much  higher  insnlatiou  as  long  as  the 

interior   of    the  neck  was   clean,  bnt   there    would    be 

greater  difficulty  in  introducing  the 

acid  without  ^plashuig  the  neck,  and 

in  cleaning  the  inside  of   the  neck 

when  it  became  dirty,  even  il  we  took 

ont  the  metal  rod  which  fita  into  a 

tnbtilure  at  the  bottom  of  the  veesel, 

as  does  the  glass  rod  in  the  insulating 

stand,  Fig.  40,  page  112. 

173.  Battery  of  Leyden  Jars. — 

If  a  greater  capacity  is  desired  than 

can  be  obtain«l  with  one  sadi  Ley- 
den jar,  when  the  glass  is  made  as 

thin  and  an  large  as  is  practicable, 

then  a  "battery  of  Ijeydenjart"  that 

is,  a  nnmber  of  sulphuric  acid  Leyden 

jars  in  parallel,  should  be  employed.  rig.  iie. 

178.  CoiiBtrnctiiig  GondenseTs  of 

Very  Large  Capacity. — When  a  very  large  capacity  is 
required  tie  dielectric  employed  consists  usually  of  liieeU 
of  paper  or  of  mica,  which  have  been  soaked  in  melted 
part^n  uxtx  or  in  a  tolvtion  of  aheU-lae  in  aleoltol. 

The  sheets  of  tin-foil  are  shaped  as  shown  in  a 
(Fig,  120),  one  comer  being  (ut  off,  and  the  Eheete  of 
insulating  material  6  are  made  about  two  inches  wider 
and  two  inches  longer,  and  have  two  comers  cut  off.  On 
a  sheet  of  insulating  material  there  is  first  laid  a  sheet 
of  tinfoil,  as  in  c,  then  a  sheet  of  insulating  material  is 
laid  on  the  top,  then  a  second  sheet  of  tinfoil  with  its 
anout  comer  turning  the  other  way,  and  so  on,  so  that 
finally  there  are  a  number  oS  alternate  sfaeeta  of  tinfoil 
with  their  oomera  projecting  over  the  sheets  of  insulating 
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material  to  the  ri^t,  aixd  the  other  set  of  aJtemAte  sheets 
of  tinfoil,  with  their  uucut  comers  projecting  over  to  the 
left.  Each  of  the  expoeed  seta  of  comers  is  soldered 
together,  and  forms  an  electrode  or  terminal  of  the 
condenser. 

When  paraffined  pajMr  is  employed  as  tie  insnlattng 
material,  the  paper  is  first  very  carefully  examined  by 
]ioldiag  it,  sheet  by  sheet,  up  to  the  light,  so  that  the 
existence  of  any  small  holes  may  be  detected,  and  any 
sheet  possessing  such  holes  is  discarded.  The  good 
sheets  are  then  placed  in  a  bath  of  melted  paraffin  wax 


Fig.  UD. 

warmed  by  steam  to  about  110°C.,  or  a  little  above  the 
boiling  point,  so  that  all  water  may  be  driven  off.  On  & 
horizontal  slab  of  cast  iron,  also  warmed  by  steam  to 
abont  the  same  temperature,  the  sheets  of  paraffined  papet- 
and  tinfoil  are  laid  in  the  way  just  described,  the  sheets 
being  carefully  smoothed  with  a  flat  strip  of  wood  as 
they  are  laid  on.  Two  sheets  of  paper  are  placed  be- 
tween each  pair  of  sheets  of  tinfoil  to  avoid  the  poea- 
bility  of  a  hole  in  tint  paper  causing  leakage,  it  being,  d 
ooui-se,  most  improbable,  even  if  there  were  a  minute 
bole  in  each  sheet,  that  the  holes  «:ould  come  exactly 
opposite  one  anotiier.  After  the  condenser  has  been 
built  up  in  this  way  it  is  placed  between  two  warm  metal 
plates,  and  pressed  with  a  weight  of  about  eight  cwt& 
while  it  is  cooling,  in  order  that  tiie  surplus  paraffin  wax 
may  be  squeezed  out  and  the  whole  consolidated. 


GhiV.  TIL]  OOMPABINO  OAPAOITIEa  319 

To  avoid  the  paraffin  wax  being  wasted,  it  is  desirable 
to  have  a  kind  of  gutter  all  round  the  cast  iron  plate,  on 
iv^hich  the  condenser  is  built  up,  for  the  paraffin  wax  to 
run  intow 

It  is  not  desirable  to  use  the  paraffin  wax  in  the  baths 
more  than  onoe,  since  even  when  the  temperature  is  not 
raised  more  than  about  110^  0.  or  120^  C,  slight  deoom> 
position  of  the  wax  may  occur,  which  diminishes  its  high 
specific  tesLstanoe.  The  paraffin  employed  for  making 
condensers  is  highly  purified,  and  the  residue  in  the  baths 
is  sold  to  be  used  for  making  candles. 

174.  Comparing  Capacities. — ^The  capacities  of  two 
condensers  can  be  easily  compared  by  successively 
charging  each  condenser  with  the  same  P.  D.,  and  ob- 
serving, by  means  of  a  suitable  galvanometer,  the 
amounts  of  electricity  that  rush  into  the  condenser  to 
charge  them,  or  by  charging  them  with  the  same  P.  D., 
and  then  discharging  them  successively  through  a  suit- 
able galvanometer,  the  instantaneous  deflection  produced 
in  either  case  being  directly  proportional  to  the  capacity. 

If  the  condensers  differ  much  in  capacity,  so  that 
when  the  galvanometer  b  properly  adjusted  and  a  suit- 
able P.  D.  selected  to  obtain  a  convenient  deflection  on 
the  galvanometer  with  the  smaller  condenser,  the  deflec- 
tion obtained  with  the  larger  would  be  much  too  great, 
or  conversely  if  the  sensibility  of  the  galvanometer  were 
arranged,  and  the  P.  D.  selected  with  reference  to  the 
larger  condenser,  the  deflection  obtained  with  the  smaller 
condenser  would  be  much  too  small ;  hence,  in  order  to 
-make  the  comparison  of  the  capacities,  either  the  galvano- 
meter must  have  different  sensibilities,  or  the  P.  D.  em- 
ployed must  be  different  in  the  two  cases. 

The  only  easy  way  of  altering  the  sensibility  of  a  gal- 
vanometer by  a  definite  amount  is  by  shunting  it,  and  even 
this  method,  as  was  first  pointed  out  by  Mr.  Latimer 
Clark,  introduces  a  certain  vagueness  when  we  are  deal- 
ing with  instantaneous  deflections  and  "  transient  cwt' 
renJU^  or  currents  only  lasting  for  a  very  short  time.    (^<m 
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§  188,  page  349.)  Hance,  it  ia  better  to  nse  different 
F.  Ds.  id  tbe  two  cases,  and  the  Bimpteet  method  of' 
obtaining  two  P.  Ds.  of  a  known  ratio  to  one  onotb^' 
is  that  described  in  g  160,  page  278. 

Let  F  and  P  be  the  capacitieB  of  the  two  condensera, 
Y  and  V  the  F.  Da.  employed  in  charging  them,  and  k 
and  k'  the  instantaneoua  deflections  produced  either  cm 
charging  or  on  diacharging,  then 
F      V      A 


176-  Cha^e  ind  DtBehsig^e  Key- — If  H  be  merely 
desired  to  observe  the  inatatataneoua  defiectioa  on  chain- 
ing a  condenser,  an;  simple  key  for  closing  the  circuit 


may  be  employed,  but  if  we  desire  to  observe  the  dis- 
charge immadiaUli/  after  removing  the  battery,  and 
tlierefore,  before  tlie  condenser  has  lost  any  of  its  char^ 
by  leakage  from  one  coatiog  to  the  other,  aome  special 
form  of  key  must  be  employed,  and  that  shown  in  fig. 
121  will  be  found  convenient,  luid  has  very  high  insal&- 
tion.  If  joined  up  as  shown  in  this  fig<ire,  it  will  be 
seen  that,  cai  depressing    the  lever  l,  contact  will  be 
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made  between  the  lever  and  the  lower  stop  b„  while 
that  between  i.  and  the  upper  stop  Sg  will  be  broken. 
This  will  enable  the  battery  B  to  charge  the  condenser  c 
without  deflecting  the  galvanometer  o.  If,  now,  the 
pressure  on  the  bent  lever  L  be  withdrawn,  it  will  fly  up, 
breaking  the  contact  at  B„  and  so  disconnecting  the 
bntt«ry,  while  immediattly  afterwards  the  contact  at  B, 
will  be  made  and  the  condenser  discharged  through  the 
galvanometer. 

If  the  key  be  joined  up  as  shown  in  Fig.  1 22,  the 
galvanometer  will  measure  the  charge  put  into  the  con- 


denser on  depressing  the  key,  but  not  the  discharge  that 
will  take  place  on  liberating  the  key.  If  the  insulation 
of  the  condenser  be  slightly  defective,  so  that  there  is 
a  small  leakage  from  one  coating  to  the  other,  the  swing 
of  the  galvanometer  needle  on  charging  the  condenser 
(Fig.  122)  will  be  larger  than  it  would  be  were  there  no 
leakage,  while,  on  the  other  hand,  the  swing  on  discharg- 
ing will  be  smaller ;  tite  mean  of  the  two  swings  may  be 
taken  as  a  measure  of  the  tme  charge  of  the  condenser, 
independently  of  the  leakage,  if  thr  effect  due  to  the 
leakage  is  small. 

When  the  apparatus  is  arranged  as  in  Fig.  123,  both 
die  chaige  and  discbarge  will  be  measured,  producing 
deflections  on  opposite  sides  of  the  zoro,  aiul  therefore 
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producing  practically  no  effect  at  all,  if  made  to  follow 
one  another  ^rly  rapidlj'.  The  efibct  of  either  on  the 
galvanometer  can  be  prevented  hy  sLort-circoitiiig  it 
during  either  the  charge  or  dischai^  bj  means  of  the 
short^ircuit  plug  p. 

176.  Condensers  are  Stores  of  Electric  Kner^,  cot 
of  Electr!oitf.~If  a  suitable  galvanometer  be  inserted 
in  each  of  the  wires  oonnectiDg  the  two  coatings  of  the 
condenser  c  with  the  two  ends  of  the  battery  b  (Kg.  1 24^ 
it  will  be  found  on  completing  the  circuit  by  closing  a  key 


nr.m 

at  K,  that  die  first  swings  on  the  two  galvanometers  are 
such  as  indicate  equal  quantities  of  electricity  passing 
through  them.  And  if  when  the  condenser  is  charged 
the  battery  be  removed,  and  the  condenser  be  discharged 
by  connecting  together  the  wires  p  and  q  coming  £roin 
the  galvanometer,  then  the  first  swings  of  the  galvano- 
meter needles  will  again  be  such  as  to  indicate  that  eqnal 
quantities  of  electricity  puss  through  theni,  but  in  this 
case  in  the  opposite  direction  to  that  in  which  the  elec- 
tricity passed  during  the  chai^.  ffenee,  both  on  charg- 
ing and  on  ditcliarging  a  coTideru&r  at  much  eiedrieity 
j>aMM  into  (me  coaling  at  pasget  oat  of  the  other,  and 
there  is  no  storing,  or  accumulating,  of  electricity.  In 
tact,  as  far  as  the  galvanometer  deflections  during  ibe 
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diarge  show,  we  coald  not  say  whether  there  was  a  coti- 
deiuer  at  c  or  a  resistance,  the  valae  of  which  was,  from 
some  cause,  rapidly  incTEased,  to  practically  infinity,  on 
completing  the  circuit  The  sudden  deflections,  however, 
produced  on  the  galTanoinet«r  when  the  wires  P  and  ij 
are  joined  t<^ther  after  removing  the  batteiy,  could  not 
be  produced  if  c  were  a  resistance,  since  no  alteration 
of  the  value  of  a  resistance  can,  by  itself,  and  without 
any  current  generator,  produce  a  current  When  the 
condenser  has  a  large  capacity,  and  when  the  P.  D.  em- 
ployed in  charging  it  is  lai^  the  current  obtained  on 


discharging  it  may  produce  very  powerful  effects.  Hence, 
we  a*«  led  to  conclude  that,  although  a  charged  conden»er 
eontaint  vo  tUtre  of  electricity,  it  oonUiins  a  glare  of  eleeiric 
energy,  and  it  can  be  shown  that,  if  the  capacity  of  the 
condenser  be  F  farads,  and  if  it  bo  cliarged  with  a  P.  D. 
of  V  volts,  the  store  of  electric  energy,  or  the  work  this 
store  can  do  when  the  condenser  is  discharged,  equals 


Example  98.  —How  many  times  per  second  would  a 
condenser  of  10  microfarads  have  to  be  charged  with 
86  volts,  and  dischai^  so  that  it  would  give  out  about 
one-thousandth  of  a  horse-power  t      Antwer. — About  20. 

Example  99.~If  a  battery  having  an  E.  M.  F.  equal 
to  E  volta  be  used  to  charge  a  condenser  of  F  farads,  how 
many  foot  Ibe.  of  work  are  wasted  in  the  charging  I 
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Let  K  be  the  charge  in  ooolombs  held  by  the  con- 
-denser  when  the  P.  D.  between  its  coatings  is  £,  then 

K  =  FE, 

and  the  store  of  energy  equals,  from  §  176,  page  323, 

F  E* 

—  foot  Iba. 

2712 

The  work  done  in  t  minutes  by  a  battery  of  E  M.  F. 
equal  to  E  voltjs,  when  a  current  of  A  amperes  flows 
through  it)  equals,  from  §  115,  page  203, 

44*25  A  E  t  foot  lbs., 

,  ' .     the  work  done  in  t  seconds  is 

i^'^-.AE<  foot  lbs. 
'60 

Now  A  t  equals  the  number  of  coulombs  that  flow 
through  the  battery  in  the  time  t,  whether  t  be  short  or 
long,  and  although  when  charging  the  condenser  the 
current  will  at  first  be  very  strong,  and  then  will 
gradually  diminish  until  it  becomes  nought,  we  may 
consider  it  to  remain  constant  daring  a  small  fraction  of 
a  second.  Hence,  if  A;  be  the  numb^  of  coulombs  that 
pass  during  a  time  so  short  that  the  current  may  be 
regarded  as  remaining  constant  during  this  time,  the 
work  done  by  the  battery  during  this  time  equals 

^—  k  E  foot  Iba, 
60 

and  this  is  true  for  each  short  time  during  the  charging 
Hence,  the  total  work  done  by  the  battery  equals 

li??  K  E  foot  Iba., 
60 

or    ^^—    FE8  foot  Iba 
60 
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Hence,  the  waste  of  energy  during  the  charging  eqoak 

-)fE«  foot  lbs., 


/44'25 1_\ 

\   60  2'712/ 


or     i  li^  F  E3  foot  Iba, 

or  half  the  energy  expended  by  the  battery  is  wasted, 
no  matter  what  be  its  resistance,  or  the  resistance  of  the 
rest  of  the  circuits 

Example  100. — If,  instead  of  employing  a  battery 
having  an  E.  M.  F.  of  E  yolts  to  charge  the  condenser, 

E 

we  first  charge  it  with  a  battery  of  -  volts ;  then  increase 

2E 

the  E.  M.  F.  of  the  battery  to  and  farther  charge 

n 

the  condenser  ;  next  increase  the  K  M.  F.  of  the  battery 

3E 
to  — ^  9  and  still  further  charge  the  condenser,  and  so 
n 

on,  what  will  be  the  total  waste  of  energy  1 

The  number  of  coulombs  put  into  the  condenser  in 

the  first  charge  equab 

FE 

n 
and  the  work  done  by  the  fii-st  battery  equals 

44-25       FE2,       „ 

— rr-    X  — r-  foot  lbs. 

60  n^ 

The  number  of  coulombs  put  into  the  condenser  in  the 
second  charge  equals 

FE 

and  the  work  done  by  the  battery  equals, 

44-25        FE       2E  ,       „ 

---  X X foot  lbs., 

60  n  »  ' 
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44-25  E* 

^^    -^  2  F    — ^  foot  lbs.,  Ac. 

So  that  the  total  work  done  in  charging  the  condenser 
equals 


44-25       F  E8 
60 


-  |I  -I-  2-1-3+  .  .  .  .  -f  «j 


44-25        F  E8  ,,  ^    V  n 
60  n«  2 

44-25 


60 


'"  (2f*'*"2) 


FE2    A  +^l  footn* 


The  store  of  energy  in  the  condenser  equals,  as  before^ 

FE« 

r-r— r  foot  lbs., 

2-712  * 

quite  independently  of  the  way  in  which  the  condenser 
has  been  charged.     Hence,  the  waste  equals 

^FE*^    fo^tlbs., 
oU  2n 

which  becomes  the  same  as  before  if  n  is  unity,  but  on 
the  other  hand  becomes  as  small  as  we  please  if  n  be 
made  larger  and  larger.  In  fact,  the  more  nearly  we 
make  the  rate  of  increase  of  the  E.  M.  F.  in  changing 
equal  to  the  rate  of  the  decrease  of  the  P.  D.  between 
the  coatings  of  the  condenser  in  dischaiging,  the  leas 
will  be  the  waste  in  charging. 

Example  101.  —If  an  air  condenser  be  formed  of  two 
parallel  metallic  plates,  each  two  square  feet  in  area, 
placed  i^th  of  an  inch  apart^  and  charged  with  a  P.  D. 
of  250  volts,  what  amount  of  work  must  be  done  in 
separating  the  plates,  so  that  the  distance  between  them 
is  increased  to  i\fth  of  an  inch,  if  the  wires  used  in 
charging  the  condenser  be  removed  before  the  plates  ai-e 
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separated,  so  that  the  chai^  in  the  condenser  remains 
unaltered  during  the  separation  f 

The  capacity  before  separation  equals  from  §    16^, 
I»ge307, 

farads. 

4-452  X  10J«  X  A 

or   1-940  X  10-*  „ 

and  after  separation, 


288 


f* 


If 


4-452  X  10*«  X  tS 

or    6-467  x  lO'io 

therefore  if  K  be  the  charge  in  coulombs  in  the  con- 
denser, and  y  the  P.  D.  after  separation  in  volts, 

K  =  1  -940  X  10-»   X  250 

=  6-467  X  10-10  X  V, 

.  •.     V  =  750  volts. 

The  store  of  energy,  in  the  condenser  before  separation 

equals 

1-940  X  10-»  X  250«  ^      ,^ 

T-rrz foot  lbs., 

2-712 

or  4-471  X  10-»  „ 

and  the  store  oi  energy  after  separation  equals 

6-467  X  10-w  X  750«  ^    ^  ,^ 

jr^rrz ">o*  ^^t 

2-712 

or  1-341  X  10-*  „ 

hence  the  work  done  in  the  separation  equals 

8-939  X  10-6  foot  lbs. 

177.  Absolute  Measurement  of  a  Capacity. — ^The 
al)solute  capacity  of  a  condenser  can  be  determined  in 
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farads  liy  using  a  battery,  whose  E.  M.  F.  we  know  in 
volte,  to  charge  it,  when  there  is  in  the  circuit  a 
galvanometer  which  hns  been  calibrated  ho  that  the 
number  of  coulombs  or  fraction  of  a  coulomb  thnt  cuusps 
any  particular  instaittaneaua  awing  is  known.  But  this 
absolute  measui'CLvieiit  of  n  capacity  can  more  etwily  be 
«^fiected  as  follows,  the  only  thing  that  is  requti-ed  to  be 
previously  known  being  the  value  of  a  reaiatanoe  in 
ohms. 

L«t  B  (right  band,  Fig.   125)  be  a  battery  of  un- 
known   £.  M.  F.    and   resistance,  but  of  such    a   large 


number  of  cells,  that  when  it  is  used  to  iharge  the 
condenser  c,  F  fara<ls  in  capacity,  a  snitable  instan- 
taneous deflection  is  obtained  on  a  ivflecting  galvano- 
meter (1.  In  order  that  we  may  use  two  P.  Da,  whose 
ratio  u  known,  shunt  the  battery  with  a  latge  resist- 
ftnce  r,  then  if  a  portion  r"  (right  hand,  Fig.  125)  of 
this  rpsistance  bears  to  the  whole  r,  a  ratio  equal  to  R, 
it  follows,  without  our  knowing  either  r  or  r  in  ohms, 
that  V,  tlie  P.  D.  between  L  and  s,  the  terminals  of  r", 
Iwars  to  V,  the  P.  D.  between  l  and  h,  the  terminals  of  r, 
the  same  rati)  R. 

Chaise  the  condenser  with  the  battery  thus  sbanted, 
l.y  depressing  the  key  k  (left  hand.  Fig.  126),  and  let 
the   instantaneous    deflection    be   d^.      Next   using   V 
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(right  hand,  Fig.  125),  send  a  steady  current  through 
the  galTanonieter  in  series  with  a  hirge  resistance  ooil, 
and  let  the  value  of  the  reidstanoe  of  these  two  be  o 
ohmsw     Let  d^  be  the  steady  deflection  so  obtained,  then 

1,       ^        R       c/i 
F=  —  X —  X  —'. 

*lw        o        d^ 

For  if  K  be  the  unknown  number  of  coulombs  re- 
quired to  charge  the  condenser  to  the  unknown  P.  D.  of 
V  volts, 

K  =  F  X  V, 

also  from  §  155,  (lage  292,  we  know  that 

T2.  P  A  (ij 

K  =  -  X  —  X  ^, 
w        2        a 

where  a  is  the  steady  deflection  that  is  produced  by  A 
amperes.  But  since  the  deflection  is  proportional  to  the 
current,  and  since  the  deflection  d^  is  produced  by  a 

current  of  —  amperes, 
o 

a  _  V 

-     —  A  -r  — ^ 

do  o 


Ax 

0 

R  X 

V' 

K 

_  P 

R  X 
2  X 

V 

—  X 
0 

F 

P       R      d, 
2w       0       d^ 

If  the  vibrations  of  the  needle  be  damped,  then  the 

I 
above   must  be   multiplied  by  1  +  --,  where  I  is  the 

Napieriau  logarithmic  decrement  (tee  §  157,  page  296),  in 
oi-der  to  obtain  the  correct  value  of  F. 
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This  method  was  employed  by  the  late  PTofesBor 
Fleeming  Jenkin,  in  1867,  in  making  the  fiist  absolute 
measurements  of  the  capacity  of  a  ooudenser. 

178b  Statical  Method  of  Comparing  C^paeities. — 

Let  r  and  f'  be  the  capadtieB  of  the  two  condenaert  thftt  are  to  be 
compared.  By  meana  of  thearrangemeni  ahownto  the  left  (Fig.  126), 
chai^  the  two  condenaen  with  the  P.  Da.  between  the  pointa  i.  and 
c,  ami  c  and  m  reapeetiTely.  Let  theae  P.  Da.  be  called  Y  and  V 
Tolta,  the  numeriol  value  of  which  it  is  not  neceaBaiy  to  know. 
Now,  without  diacharging  the  condeuMn,  aepamte  the  coating  ▲ 
of  the  one  and  the  ooatiag  b'  of  the  other  from  the  renstance  cchI, 
and  join  theae  coatinga  together  aa ahown  to  the  right  (Fig.  126),  the 
other  coatings  B  and  ▲' being  joined  together  aa  before.  Let  Y^  be  the 
reanltant  P.  D.  in  volts  between  a  ^  and  b  ▲^  the  namerical  value 
of  which  also  need  not  be  known,  let  K  and^  K'  be  reapectively  the 
^       nombera  of  coulombs  on  the  plates  ▲  and  ^  before  diacfaaige^  then 

K=FY 

and  K'  =  -F'Y', 

also  we  know  that  K  — K'  is  the  charge  in  the  componnd  plate 
A  b'  of  the  joint  condenser  to  the  right  (^g.  126),  of  capacity  F  -4-  ^, 

.-.    K-K'=(F  +  FOYj. 

Substitating,  we  have    F  Y-F'Y'=(F-h  F^  Y„ 

F*      Y  -  Yi' 

In  order  to  compare  Y,  Y',  and  Yi,  observe  the  deflection  pro- 
duced by  Yi  on  a  suitable  electrometer,  and,  without  altering  the 
arrangement  of  the  battery  and  resistance  coil  shown  to  the  right 
(fig.  126),  let  two  points,  separated  by  a  resistance  r,  be  found,  by 
trial,  such  that  the  r.  D.  between  them  produces  the  same  deflactiop 
on  the  electrometer,  then 

Y:Y':Y,  ::  rif'ir^ 

Consequently,  F »1+JX 

F  "^  r  —  r, 

If  f'  and  r  be  BO  selected  by  shifting  the  oonnectian  o  (Fig. 
126),  in  one  direction  or  other,  that  K  equals  K',  or  Y,  is  nought, 
then  Y       r' 


This  method  of  dischamng  one  condenser  into  another,  and 
measuring  the  resultant  P.  D.,  may  be  employed  not  only  when  the 
condensers  are  small,  but  when  one  or  both  of  them  are  long 
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leogtlu  of  ■nbmsrine  cable,  in  which  cue,  owing  to  the  "  rttard»- 
lion,"  or  time  taken  in  cfaAi^gituc  or  dinJu^ging  the  cable,  the  tim- 
pie  ^TBnometer  loethod  would  ^re  erroneoua  results  anless  the 
period  of  the  needle  were.  Tnade  most  inconveniently  lunic  ao  u  to 
insure  the  char^  or  disch&rge  being  completed  before  t^  needle 
began  to  move. 

If,  however,  the  method  jnst  described  of  duwhArjtin);  one 
coadenaer  into  the  other,  and  moaauiing  the  resultant  effect  be 
employed,  not  on  account  of  the  smallnass  of  the  mpacitie*  of  the 
condensen  under  comparisoil,  bat  because  one  or  both  of  them  have 
consideiBble  Tetaidation,tbenanlTBilometercaa  beoaed  to  meaanre 
Bpprozimately  the  reaoltsnt  F.  D.,  the  tot  ^ving  perfectly  accurate 
lenilta  when  the  point  c  is  so  selected,  by  trial,  tW  the  dihthnrge 
of  the  eomponnd  oondenaer  thnrng^  ttw  galTMiometer  it  nought. 


II  the  TeBDltant  charge  be  not  absolatel}'  nooght,  we  

stead  of  ""^"'g  a  ffreat  number  of  tests  to  Sad  the  point  c 
which  it  would  DC  nbeolutely  nought,  and  which  may  occupy  > 


ir  diniosal,  coirect  i^proximatcly  for  ■  sdaII  r 
as  follows :  — 


Boltant  dischaive  as  ft 

I«t  d  be  the  reaultant  deflection,  and  let  /  be  the  deflection 
obtained  on  ch&rging  the  compound  oondenser  with  the  P.  D.  be- 
tween two  points  in  the  reeiBtance  coil,  sepamted  bj  a  nmall  re- 
sistance r.\  then,  if,  as  before,  ri  be  the  resistance  between  two 
points  in  the  coil  hating  a  P.  D.  between  them  eqnal  tfi  V,,  but 
which  we  cannot  now  find  directly,  as  we  are  not  using  an  electro- 
meter, it  f<dlows,  diaregarding  the  retardation,  that 
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179.   Measaring  Speciflo  Inductive  Capacity. —  £f 

we  know  the  area  A  of  each  of  the  coatings  of  a  con- 
denser in  square  centimetres,  and  %  the  thickness  of  the 
dielectric  in  centimetres,  then,  from  §  169,  page  311,  it 
follows  that  \  its  specific  inductiye  capacity, 

_  F  X  1131  X  10"  X  t 
"  A  ' 

where  F  is  the  capacity  of  the  condenser  in  farads,  which, 
if  large  enough,  cAn  be  measured  either  absolutely  by 
the  method  described  in  §  177,  page  328,  or  relatively 
by  comparison  with  another  condenser,  whose  capacity  is 
known  in  farads,  using  the  method  described  in  §  174, 
page  319. 

Frequently,  however,  we  desire  to  measure  the  specific 
inductive  capacity  of  a  comparatively  small  specimen  of 
an  insulating  material,  too  small  to  be  employed  in 
making  a  condenser  of  large  capacity,  imle»s  the  dielectric 
were  made  so  thin  that  it  would  be  extrnnely  difficult  to 
determine  its  thickness  accurately.  In  such  a  case  we 
may  employ  the  siatical  method  described  in  §  178, 
page  330,  of  comparing  the  capacity  of  a  condenser 
made  with  the  specimen  of  insulating  material  with  the 
capacity  of  a  condenser  of  somewhat  similar  dimensions, 
but  having  air  for  the  dielectria  To  use  this  method, 
however,  we  must  have  an  electrometer  of  considerable 
sensibility,  with  its  quarter  cylinders  far  better  insulated 
from  one  another  and  from  the  outside  of  the  instrument 
than  are  those  in  the  instrument  illustrated  in  Figs.  47 
and  48,  §  75,  page  131.  We  also  must  have  a  charge 
and  discharge  key  of  high  insulation,  and  enclosed  in  a 
metallic  box,  so  as  to  be  shielded  from  induction  {see 
§51,  j)age  99).  This  statical  method,  therefore,  of 
comparing  the  ca]iacities  of  two  condensei's,  each  of  small 
capacity,  althoi,gh  susceptible  of  giving  extremely  accurate 
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results  when  carried  out  with  the  various  precautionn 
that  would  be  ado|)ted  by  a  skilled  (experimenter,  is  alto- 
gether unsuitalile  to  be  employed  by  a  begiiiuer. 

The  following  method,  howerer,  btised  on  a  plan  of 
experimenting  originally  su^^ted  by  Di*.  Sauty,  has 
been  used  by  the  author  with  good  resolts.  c  and  c' 
(Fig.  127)  are  the  two  condensers  of  small  capacity,  M 
and  M',  that  we  desire  to  compare ;  a  and  b  are  two  ad- 
justable resi-jtances  wound  double  in  the  ordinary  manner 
employed  in  conntnicting  rowitance  coils  {see  Fig.  7,  §  12, 


page  28),  K  is  a  key,  turning  about  its  centre  and  malting 
contact  dther  at  i,  or  at  Aj,  so  that  by  moving  the 
handle  down  and  up  the  two  condenaera  can  be  charged 
by  the  battery  b  or  discharged,  and  t  is  an  ordinary 
Bell  telephone  connecting  the  pointe  P  and  Q,  and 
which  is  an  extremely  delicate  instrument  for  detecting 
small  rapid  fluctuations  in  the  strength  of  a  current  passing 
through  it  If  the  key  K  be  alternately  moved  up  and 
down  there  will  be  a  sncceflsion  of  currents  in  oppcnU 
directions  through  the  telephone,  unless  the  potentials  at 
p  and  Q  always  remain  equal  to  one  another,  and  in 
order  that  the  P.  D.  between  these  two  points  may  be 
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always  nought,  the  rise  or  (all  ot  potential  at  each  of 
tlieee  pointe  mint  be  the  same  in  the  Kuae  time.  This 
condition  will  be  fulfilled  when  the  quantities  ot  elec- 
tricity that  flow  into,  or  out  of,  the  two  condensers  in 
the  aame  time,  are  directly  proportional  to  their  cupoci- 
ties,  and  when  there  is  no  sensible  retardation.  Fnrtlier, 
if  the  potentials  at  F  and  q  are  equal  to  one  another,  tlie 
quantities  of  electricity  that  flow  through  the  two  wires, 
o  p  and  oq  respectiTely,  must  be  inversely  proportional 
to  their  resistances  a  and  b.  Hence,  combining  these 
two  conditions,  no  sound  will  be  heard  in  the  telephone 
if  a  and  6  ore  adjusted  until 

M        b 


The  substance  of  which  we  desire  to  measure  the 

specific  inductive  capacity,  as,  for  example,  a  aheet  of 

glass  or   a  sheet  of   guttapercha, 

^  should  have  panted  on  each  side  of 

it  sheets  of  tinfoil  of    equal  size, 

and   about    one    inch    mialler    all 

round  than  the  sheet  of  dielectric, 

so  as  to  secure  little  surface  leakage. 

If  the  sheet  of  dielectric  be  it«lf 

Yig  isa.  small,  the  space  left  uncovered  with 

tinfoil  must  be  less  than  one  inch  in 

width,  but  in  that  case  the  uncovered  portion  sliould  be 

carefuily  deaned  and  dried.     It  is  also  desirable  for  the 

purpose  of  diminishing  this  surface  leak^e  to  rest  the 

condenser  on  a  block  B,  as  shown  in  Fig.   128,  so  as  t« 

keep  the  underneath  portion  of  the  sheet  of  dielectric  d 

that  is  not  covered  with  a  sheet  of  tinfoil,  corresponding 

with  T  above,  from  touching  anything, 

180.  Standard  Air  CondenBer.— The  standard  air 
condenser  may  be  conveniently  constructed,  as  shown 
in  Fig.  129,  of  thin  slabs  of  plate  glass  about  one-eifj^th 
of  an  inch  thi<:&,  coated  on  both  sides  with  tinfoiL 
These  sheets  of  glass  do  not  act  at  the  dwleetrits,  bat 
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merel7  frani  cooTenient  snpporta,  with  very  plane  enr- 
&ces,  for  the  sheets  of  tinfoil,  hence  the  two  sheets  of 
tinfoil  on  the  two  sides  of  anj  one  of  the  slabs  of  glass 
must  be  electrically  connected-  With  eveiy  altemaw 
slab  1,  3,  b,  ibc,  the  sheets  of  tinfoil  are  pasted  over  the 


rig.  ISO. 


whole  surface  of  the  glass,  and  may  be  each  about  <me 
square  foot  in  area,  while  in  the  case  of  the  other  set 
2,  4,  G,  Ac,  there  is  one  inch  left  all  round  the  glass  not 
coated  wiUi  tinfoil,  as  seen  on  the  top  plate  P  F  of  the 
condenser  in  the  figure.  This  is  in  reality  the- top  plate 
but  one,  the  top  plate  tt,  which  is  wholly  covered  with 
tinfoil,  having  been  removed  to  enable  the  plate  F  p  to  be 
seen.     The  first  set  form  t<^etheF  the  outer  coating,  and 
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their  terminal  a  is  connected  with  a  (Fig.  127),  while  all 
the  smaller  sheets  of  foil  form  the  inner  coatingy  and 
their  terminal  B,  mounted  on  a  block  of  ebonite,  is  con- 
nected with  p.  The  glass  slabs  are  piled  one  on  the 
top  of  the  other,  but  separated  by  fragments  of  glass 
FF,  all  of  the  same  thickness,  conveniently  about  one- 
tenth  of  an  inch ;  and  there  is  one  more  of  the 
slabs  with  the  larger  sheets  of  tinfoil  on  it  than  of  the 
others,  so  that  there  is  one  of  the  former  both  at  the 
bottom  and  at  the  top  of  the  condenser  when  it  is  thus 
built  up.  The  glass  plates  are  prevented  from  sliding 
over  one  another  when  the  condenser  is  moved,  by  their 
comers  fitting  into  grooves  in  the  four  ebonite  pillars 

B,  E,  E. 

The  capacity  of  the  standard  condenser,  in  farads^ 
dquals 

A 

4-462  X  10"  X  i 

where  A  is  the  sum  of  the  ai-eas,  reckoned  in  inches,  of  all 
the  smaller  sheets  of  tinfoil,  and  t  is  the  thickness  of 
one  of  the  little  glass  fragments. 

The  capacity  of  the  experimental  condenser  equals 

A' 


•  X 


4-452  X  1013  X  r' 


where  A'  is  the  area  of  one  of  the  tinfoil  coatings,  t  the 
thickness  of  the  sheet  of  dielectric  under  test^  and  i  its 
specific  inductive  capacity.  Hence,  if  the  resistances  a 
and  h  (Fig.  1 27)  are  so  adjusted  tliat  no  sound  is  heard 
in  the  telephone, 

a       A        a 

b       A'       i 

The  construction  of  the  Bell's  telephone,  such  as  maj 
be  used  in  the  previous  experiment,  is  shown  in  Figs.  130 
and  131,  where  m  is  a  permanent  magnet,  terminated  at 
the  right-hand  end  (Fig.  130)  by  a  piece  of  soft  iron  of 
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tlie  same  UiickneoB.  Rouod  this  piece  of  iron'is  a  ooil  of 
wire  b  b,  the  eods  of  which  ddaie  led  to  the  t«nninala 
V  V.  Cloee  to  the  end  of  the  piece  of  soft  iron,  but 
not  tonching  it,  ia  a  Am  plate  of  ferrotype  iron  c  c    The 


Kg-aoL 

piece  of  soft  iron  is  magnetised  by  the  permanent  magnet 
m,  and  thus  attracts  the  centre  of  the  thin  plate  of  iron, 
and  the  amount  of  this  attraction  is  varied  b;  any  cur- 
rant that  passes  roand  the  coil  b.  Hence,  if  there  be 
rapid  fiuctnations  in  the  strength  of  the  current  passing 
round  this  coil,  and  still  more^  if  there  be  rapid  altemv 


tions  in  tJie  direction  of  the  current  pamring  round  tf'''^ 
coil,  the  thin  iron  plate  will  be  set  in  rapid  vibration, 
and  a  sound  will  be  emitted.  If  the  telephone  be  well 
made,  and  if  the  ear  be  placed  near  the  opening  shown 
at  the  rit;ht  hand  in  Fig.  130,  and  at  the  left  hand  in 
Fi|^  131,  ^e  Bound  [uroduced  by  even  extrmnely  tmaU 
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alteraliotw  m  the  cnrrent  strength,  am  be  beard,  if  Utay 
follow  one  another  with  t^^cietU  rapidity. 

181.  Every  Ohkrged  Bod;  fonu  One  CMtinj*  of  a 
Condenser. — In  practice,  as  olreadj  explained,  a  con- 
denser is  the  name  given  to  two  sete  ctf  aheets  of  metal 
BO  amutged  that  the  one  aet  haa  a  large  capacitj  rela- 
tively to  the  other ;  but,  in  reali^,  every  charged  body 
forms  a  condenser  with  some  other  body  ;  it  may  be  witJi 
the  w&lb  of  the  room,  or  the  oeUing,  or  the  table,  or  the 
body  of  the  experimenter,  or  with  all  of  them  ;  henoe 
we  see  that  the  statement  made  at  the  foot  of  page  109, 
that  when  one  conducting  body  a  is  entirely  anrronnded 
by  another  conducting  body  B,  the  quantity  of  electricity 
on  A  is  directly  proportional  to  the  F.  D.  between  A  and 
B  as  long  as  the  position  of  a,  relatively  to  n,  is  abao- 
lutely  fixed,  is  only  anothw  way  of  saying  that  the 
capacity  of  a  relatively  to  n  ia  constant  aa  long  as  their 
relative  positions  are  unchanged. 

In  §  67,  page  120,  it  was  explained  that  the  poten- 
tial of  the  charged  metal  plate  p  could  be  diminished  by 

bringing    near    it    the 

I  metal  plate  M,  connected 
'  with  the  earth.  We 
:  now  understand  that 
I  this  arises  imsa  tJie 
I  capacity  of  P  relatively 
to  H  being  increased  by 
I  approaching  them,  in 
:  consequence  of  which 
'  the  potential  of  p,  oor- 
!  reepcmding  with  a  given 
chuve  on  it,  is  dimin- 
J  ished  (sw  §  167,  page 
■  308). 

18S.  Oapaoity  of  a 
Spherical  Oondenaer.— If  a  metallic  sphere  a  (Fig.  132) 
of  a  centimetres'  radius  be  insulated  concentrically  inside 
another  hollow  metallic  sphere  a  of  6  centinietres'  radial, 
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and  if  the  dielecMo  Bepaiattng  them  be  air,  the  capad^ 
of  A,  relatiYelj  to  b,  can  be  proved  to  be 


farada. 


9  X  10"  (6-a) 
This  laat  expression  can  be  written  in  the  form 


9x10 


"(>-!) 


firom  which  we  see  that  as  b  grows  greater  and  greater, 
the  capacitj  of  A  grows  smaller  and  smaller.  Ooh^ 
seqnently,  although  we  have  no  experience  of  a  single 
duuqged  bodj  insulated  alone  in  space,  we  can  see  what 
is  the  limit  to  which  the  capacity  of  A  approaches,  as  b 
becomes  larger  and  laiger.  The  value  of  this  limit  ia 
obtained  by  making  6  equal  to  infinity,  when  the  capacity 
of  Abeoomee 


9  X  10" 


farads, 


and  this  is  practically  the  capacity  of  a  sphere  when,  as 
in  the  case  of  A,  Fig.  43,  page  121«  it  is  so  far  away  from 
other  bodies  as  to  be  practicdUy  beyond  the  range  of 
their  inductive  action. 

But  because  we  can  calculate  the  capacity  of  a  body 
when  it  is  so  far  away  from  other  bodies  aa  to  be  practu 
caUy  beyond  the  range  of  their  inductive  action,  it  must 
not  be  imagined  that  we  can  have  a  charged  body  exist- 
ing aione  in  spaoa  Indeed,  as  seen  in  §  60,  page  115,. 
we  cannot  produce  only  a  single  quantity  of  electricity,, 
since  eqttal  and  opposite  quantities  are  produced  simul- 
taneously, therefore  it  is  impossible  to  have  one  body 
charged  positiv^ely  or  negatively  without  some  other 
body  existing  with  an  equal  and  opposite  charge  on  it 

And  just  as  we  have  no   experience  of  a  single 
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charged  body  existing  bj  iteelf,  bo  it  is  equally  impoosible 
to  obtain   two   bodies  chai-ged  with  the  same  kind  of 
electricity  without  a  third  one  oppositely  charged.     Al- 
though, therefore,  we  are  aocustomed  to  speak  of  two 
positively  OP  of  two  negatively  electrified  l>odieB  repelling 
'>ne  another  as  if  this  action  could  take  place  without  the 
presence  of  any  third  body,  we  must  not  allow  this  veiy 
convenient  form  of  ex- 
pression to  cause  tis  to 
forget  that  all  our  ex- 
perience of  the  action 
of  electrified  iMdies  is 
derived     fi-om     eiperi- 
ments    niEide    ioside   a 
room,  the  whUs,  ceiling, 
and  floor  of  which  are 
more  or  less  good  con- 
ductors,     and      which 
form    condensers    with 
the  elpctriHed  hodiee  in- 
side the  room.     For  ex- 
ample, if  A  and  c  (Fig. 
133)    be    two    spheres 
electrified       positively, 
and     placed    inside     a 
Kg.  in  conducting    room    b  b, 

the  distribution  of  the 
density  will  be  roughly  as  in  the  figure,  the  density  being 
greatest  where  the  plus  or  minus  signs  are  nearest  to- 
gether. If  A  and  c  be  free  to  move,  then,  as  is  well 
known,  they  will  separate  from  one  another,  and  ap- 
proach the  sides  of  the  room.  This  action  is  miially 
regarded  as  being  caused,  partly  by  the  repulsion  of  the 
positive  electricities  on  a  and  C,  and  partly  by  the  at- 
traction of  the  positive  electricity  on  each  of  the  bodies 
by  the  negative  electricity  on  the  side  of  the  wall  ad- 
jacent to  the  two  bodies  respectively.  Bui;  as  we  have  no 
experimental  evidence  of  what  would  happen  if  A  and  c 
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could  exist  with  their  poeitive  charges  apart  from  b  b,  it 
may  be  that  it  is  the  rUtraetion  of  the  opposite  elec- 
tricities that  causes  A  and  c  to  settamte,  and  that  there 
is  no  repuiaion  at  all  between  the  similarly  electrified 
bodies  A  and  g  ;  and  this,  of  connie,  is  true  whether  a  and 
c  be  spheres  inside  a  conducting  room  with  dut  walls, 
ceiling,     and     floor,     or 
whether  they  be  conduc- 
ton  of  any  shape  inside 
another     of     any    other 
shape,  as  shown  in  Fig. 
134. 

Exampk  102.— What 
is  the  capacity  4^  the 
earth  regarded  as  a  sf^re 
insnlated  in  space  I  "b-  ***■ 

Aiwer. — The    mean 
radius  of  the  earth  is  6'3703x  10^  centimoti-es,  hence  its 
capacity  is  0001)7078  farads,  or  roughly  708  microfarads, 
which  is  the  capacity  of  about  2,000  miles  of  ordinary 
submarine  telegraph  cable; 

183.  CondenBer  Hetliod  of  Comparing  the  E.  H.  Fs. 
of  Current  Generators. — We  have  already  seen  (g  132, 
page  234)  that  with  cells  which  polarise,  as  it  is  called, 
the  ordinary  galvanometer  methods  of  comparing  E-M.Fa 
cannot  be  employed  to  obtain  accurate  resolta,  and  that 
a  null  method  hke  that  of  Poggendorff*s  is  much  to  be 
preferred.  When,  however,  a  condenser  and  a  suitable 
reflecting  galvanometer  for  measuring  capacity  are  at 
hand,  the  following  method  may  be  employed  instead  of 
Poggendorff's.  Charge  the  condensers  successively  with 
the  two  current  generators,  and  in  each  case  measure  the 
charge  or  discharge  with  the  galvanometer,  then,  since 
the  deflections  are  prt^rtional  to  the  charges  cr  dis- 
charges (§  160,  page  299),  and  since  these  charges  are 
proportional  to  the  E.  M.  Fh,  employed,  it  follows  that 
the  E.  M.  Fs.  are  proportional  to  the  deflections. 

If  the  plates  c^  the  cell  have  only  a  very  tmall  surface 
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in  contact  with  the  liquid,  the  polarisation  arising  from 
the  flow  of  electricity  into  the  oondenser  to  charge  it 
may  be  sensible  if  the  condenser  have  a  large  capacity. 
Hence,  in  such  a  case,  it  ia  important  to  use  a  condenser 
of  as  small  a  capacity  as  can  be  employed  to  giro  a 
aatisfactory  deflection  with  the  most  delicate  galTano- 
meter  avaHable.  Such  a  precaution  is  esjjedally  neces- 
sary when  experiments  on  the  K  M.  F&  of  cells  made 
of  simple  pieces  of  wire  dipping  into  various  liquids  are 
performed. 

184.  Condenser  Method  of  Measuring  the  Sesistanee 
of  a  Current  Generator. — ^We  have  seen,  §  115,  page  204, 
that  if  a  current  generator  having  a  fixed  R  M.  F.  equal 
to  E  volts,  and  a  resistance  of  b  ohms,  be  shunted  with  a 
resistance  of  r  ohms,  the  P.  D.  at  the  terminals  will  be 

X  E  volts. 


r-f  6 


If,  then,  we  employ  first  the  generator  unshunted  to 
charge  the  condenser,  and  obtain,  on  charging  or  on  dis- 
charging through  a  suitable  galvanometer,  a  first  swing  d^ 
of  the  spot  of  light ;  second,  if  the  generator  be  shunted 
with  a  resistance  r  ohms,  and  we  obtain,  on  charging  or 
on  discharging,  a  first  swing  d^,  we  know  that 

^  =  E  -^—^ E, 

d^  r  +  b 

With  cells  that  polarise  it  is  very  important  that  the 
batt^^ry  should  be  shunted  with  the  resistance  r  only  at  the 
moment  of  duvrging  the  condenser^  and  that  the  act  of 
disconnecting  the  battery  from  the  condenser  should  also 
disconnect  the  shunt.  This  may  be  conveniently  efiected, 
without  the  employment  of  any  special  key,  by  joining 
up  the  arrangement  as  shown  in  Fig.  135,  the  key  in  the 
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figure  being  exactly  the  same  in  prindple  as  that  shoim 
in  Fig.  121,  page  320,  but  not  posseasing  such  high 
inanlstion,  as  this  is  nnuecessary  with  th«  present  experi- 
ment. One  pole  q  of  the  battery  B  is  permanently  con- 
nected with  one  end  of  the  resistance  r,  with  one  ooatiog 
0|  of  the  condenser,  and  with  the  npper  screw  Sg  of  the 
key ;  the  other  pole  p  of  the  battery  is  insulated  as  long 
B8  the  contact  at  B,  is  broken.  On  depressing  the  lever 
the  contact  at  s^  is  broken  and  that  at  a,  made;  this  has 
the  effect  of  connecting  the  pole  p  of  the  battery  to  the 
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.  other  end  of  the  resistance  r  and  to  the  other  coating  O^ 
of  the  condenser  through  the  galvanometer  ef,  hence  the 
condenser  is  obsrged  through  the  galvanometer  with  the 
cell  shunted.  On  liberating  the  key,  which  g/wtdd  be 
done  direetlj/  tkejvrst  twing  it  completed,'  the  contact  at 
Si  is  broken  and  that  at  Bg  made  ;  p  is  therefore  discon- 
nected from  the  shunt  and  the  galvanometer,  and  the 
condenser  is  discharged  through  the  galvanometer. 

To  observe  the  charge  with  the  battery  unshunted,  the 
infinity  ping  in  r  must  be  withdrawn,  or  one  of  the  ends 
of  tihe  resistanoe  r  must  be  disoounected  from  the  rest  of 
tiie  circuit 
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185.  Keasiiriiig  a  BesiBtaaoe  by  the  Bate  of  Ifoea 
of  Charge. — ^When  a  rautanoe  of  not  merely  thouaanda  of 
megohma,  but  of  milliona  of  megohma  haa  to  be  meaauzed,  the 
galyanometer  method  deacribed  in  §  161,  page  278,  ia  not  senaitiTe 
enoDgh,  unleai  an  enonnonaly  large  battery  be  employed,  and  a 
mode  of  teating  depending  not  on  measuring  the  rais  of  leahigt 
bat  on  meaauring  the  am<miU  thst  Am  leaked  m  a  piven  timg  haa 
to  be  leaated  to^  aa  foUowa: — ^If  a  charged  ooirdenMr  have 
ita  two  ooatingB  rmnnirtad  by  a  lenahmoe,  it  will  be  diachazged 
with  more  or  leas  rapidity  dependmg  4m  the  -v^f  «*"'^^  of  the 
reaistance,  and  the  capacity  of  the  condenser.  H  F  fnadi  be  the 
capacity,  r  ohms  the  reaiatanoe,  and  if  the  P.  D.  between  the  ooat- 
inga  be  V  rolta  at  a  certain  time,  and  Y'  volta  t  aeoonda  afterward^ 
then  we  can  prove  that 

0*4343 1 

hence  the  renataaoe  r  nay  be  aaoertained  If  we  know  F,  V,  Y^ 
and  t. 

To  prove  thia  formula  we  ahall  aaanme  that  the  whole  interval 
t  aeconda,  during  which  the  diachaige  ia  obaerved,  ia  aubdivided  into 
a  great  number  n  of  very  small  equal  intervala  of  time  r,  so  small 
that  during  the  whole  ox  any  one  of  these  email  intervala,  the  P.  D. 
between  the  coatings  may  m  suppoaed  to  remain  oooatant,  ao  that 
inatead  of  the  P.  D.  falling  gradually  from  V  volta  to  V  volta,  we 
auppoae  it  to  &11  by  n  small  juppa,  one  jump  bein^  made  at  the 
end  of  each  interval.  The  same  sort  of  approxmiation  to  the 
truth  ia  made  when  a  curve  is  supposed  to  be  formed  of  a  very 
great  number  of  very  short  straight  lines,  each  two  adjoining 
straight  lines  differing  very  slightly  from  one  another  in  direction, 
since,  inatead  of  the  gradual  change  of  direction  which  occurs  in 
goiii^  along  a  real  curve,  we  have  a  discontinuoua  change  in 
moving  along  the  suoceaaion  of  abort  straight  lines. 

At  the  commencement,  the  number  of  coulombs  in  one  coating 
of  the  coudenser  ia 

FV, 

and  during  the  first  interval  the  quantity  in  coulombs  that  flows 
out  of  the  one  coating  into  the  other  is 

V 

10  that  the  quantity  that  will  remain  in  this  coating  Is 

FV-I.arFV(,_jL); 
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faenee,  the  P.  D.  between  fhe  ooetings  at  fhe  end  of  fhe  llxsft 
intemd  equals 

Daring  the  leoond   interval  of  r  leoonds  the  number  ol 
oonlombeuat  will  flow  from  one  coating  into  the  other  equals 

•0  that  the  quantity  that  will  remain  in  eaoh  coating  will  be 

"(■-,^)-j(-^)- 


-  ("-'')(>-?7> 


or    FY  11  —  —I  coulombs. 


('-0 


Similariy,  the  number  of  coulombs  remaining  on  eaoh  coating  at 
the  end  of  the  third  interval  equals 

and  at  the  end  of  the  is  the  interval  that  is  at  the  time  i, 

tot  this  is  equal  to  Fy, 

.-.    FV/i- JL\*=rFT, 

or  dividing  both  ndes  by  F,  and  substituting  ^  for  r,  it  follows 

that 

t    1  \ii  _  . 


M-F,;/"-' 
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and  tbif  ii  more  and  mare  true  ilie  laxger  n  be  madeu    But  it 
be  ihowii  mathematioally  that  wben  n  u  infinitely  great 


V        Vrn)    " 


wben  c  rtanda  lor  2*71828.    So  tbat 


•••    r  = 


FJ«K-.y* 


Gonieqaentlyy  oonTeitmg  the  logarithm  to  the  baae  t  to  a 
logarithm  to  the  baae  10,  by  the  method  giTen  In  {  168,  page  296^ 
wehaTe 

0*4843  i 


r  = 


r^u~. 


U  an  eleotrometer,  with  well-inaiilated  quarter  ovlinden,  be 
aTailaUfi,  then  the  loes  of  potential  can  be  easily  obaerred  by 
attaohing  the  two  ooatinga  of  the  oondenser  to  the  opposite  paiie 
of  quarter  oylinden,  giving  the  condenser  a  chanre,  aim  obaenin^ 
the  times  at  whidi  the  spot  of  light  passes  two  definite  positiona  on 
the  scale,  for  Y  and  V  may  be  meaBored  in  any  unite,  ainoe  we 
have  meiely  to  deal  with  the  ratio  of  V  to  V.  In  this  way  the 
insulation  of  even  a  short  length  of  well-insulated  cable  can  be 
measured.  For,  as  the  cable  is  shorter,  and  r  is  larger,  F  is  pro- 
portionately smaller,  so  that  the  time  the  P.  D.  takes  to  £U1  fiom 
one  given  value  to  another  is  independent  of  the  length  of  the 
cable. 

186.  Bateof  Iioss  of  Charge  firomlieakage  through 
the  Maas  dependa  on  the  Xfatnre  of  the  JDieleotzio 
only,  and  not  on  the  Shape  or  Siae  of  the  Condenser. 
— Not  merely  is  the  time  the  P.  D.  takes  to  fall  from  one  given 
value  to  another  independent  of  the  area  of  the  coatuigs  en  the 
condenser,  but  it  is  independent  of  the  thickness  of  the  dielectric. 
Take  the  case  of  a  condenser  with  flat  parallel  ^tes.  Thai,  if  A 
be  the  area  of  one  of  the  coatings  in  square  intmea,  d  the  dirtanoa 
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between  llieni  in  inches,  and  f  the  "  ifiMi^  rMutenM^**  orredetenoe 
per  cahio  inch  of  the  dieleetrio, 

tad  irom  §  169,  page  811,  if  t  be  the  speoifio  indnotiTe  oapeoity  of 
tiie  dieilectiio, 

""  ^     4-462  X  10"  X  rf* 

•  *  •  if  I  be  ilie  ttoM  in  aeoondB  during  which  the  P.  D.  falls 
fkem  y  to  Y% 

dx»       0-484S i  X  4-462  X  10" il 

^  <Alog,„^^ 

3^^'      1-984  X  10" 
t        ^  $i  * 

the  right-hand  expreaaion  depending  only  on  the  apeciBc  le- 
aiatance,  and  apecifio  indnotiTe  capad^  of  the  dielectric,  and  not 
on  ita  idbape  or  aiae. 

8o  in  the  aame  way  with  a  cylindrical  condenaer  the  capacity 
in  laiada,  aa  we  have  seen  from  §  168,  page  308,  and  1 169,  page 
81i,i8 

10»       log.ioD-log.«»/ 

where  i  ia  the  specific  indnctiTe  capacity  of  the  dielectric,  /  the 
lanffth  of  the  condeoser  in  centimetros,  and  D  and  d  the  diameters 
of  uie  coatings.  It  may  also  be  shown  that  if  /  be  the  resistance, 
in  ohms,  per  cubic  oentmietre  of  the  dielectric,  r,  the  resistance  of 
length  I  (n  the  cylindrical  eondenser  is 

Oonseqnentlyy 

Joffis  v^       4-912  X  10" 
i—  = il 
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It  has  to  be  remunbered  that  whereas  for  the  condenser 

flat  parallel  plates,  t  was  the  resistanoe  per  aiHe  imek  of  the  dieleo- 
trie,  here  «'  is  the  resistance  per  cubic  cenHmstrc.  Hence,  since  the 
resistance  is  proportional  to  the  thickness,  and  inversely  as  tiie 
sectional  area, 

=  151/ 
2-64«    ' 

or    «'  =  2*64«; 

that  is,  the  rccitUmec  per  eubU  omtuMtrc  of  any  mtbctamee  %a  2*54 
IwNM  the  remtancc  per  cubic  inch.  The  spedfib  inductive  capacity, 
«,  is  independent  of  the  unit  of  length  or  area,  -Henoe,  sahoti- 
tuting  the  valae  lor  «',  we  obtain 

^*'  ^  ^  1-984  X  10" 

ss     . f 

t  St 

which  it  the  same  expression  as  that  obtained  with  flat  parallel 
plates. 

187.  Galvanometrio  Method  of  Measiiring  Besist- 
anoe  by  Iioas  of  Charge.— -In  the  formula  given  in  §  185, 
page  344,  we  may  substitute  for  V  and  V  the  number  of  cou- 
lombs K  and  K',  on  one  of  the  coatings  of  the  condenser  when  the 
P.  D.  between  the  coatings  is  Y  and  V'  volts,  so  that 

0-4343  t 
r  =  


Flog...  I, 


If  the  capacity  of  the  condenser  be  sufficiently  large,  K  and 
K'  can  be  measured  by  charging  the  condenser  through  a  gal- 
vanometer at  a  certain  moment,  and  discharging  it  again  at  the 
end  of  t  seconds,  using  the  arrangement  shown  m  Fi^.  123, "; 
322.  To  enable  the  lever  L  of  the  key,  seen  more  plamly  in 
121,  page  320,  to  be  left  without  completing  the  contact  at 
or  at  Ss  during  the  time  the  condenser  is  left  insulated,  the  screw 
which  makes  the  upper  contact  B^  should  be  screwed  out  so  far 
that  it  would  require  a  slight  upward  pressure  to  be  given  to  the 
lever  to  cause  it  to  make  t£^s  upper  contact.  If  the  resistanoe  to 
leakage  be  very  large,  K  and  Kf  will  be  nearly  equal  to  one 
another  unless  t  be  taken  inconveniently  long.  This  difficulty 
may  be  overcome  by  using  a  large  battery,  and  charging  the  con- 
denser with  the  galvanometer  diunted  at  the  beginning  of  the 
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time  #,  and  then  charging  it  again  with  t^e  galvanometer  nn? 
ahonted,  and  therefore  in  a  much  more  sensitive  condition  at  the 
end  of  the  time  t.  In  this  way  K  and  K  -  K'  will  he  measored,  and 
hy  properly  choosing  the  shunt,  the  second  test  may  he  made  as 
delicate  as  the  first.  Since,  however,  as  mentioned  in  §  174,  page 
319,  a  diflScultv  is  introduced  when  comparing  two  quantities  ol 
electricity  if  the  galvanometer  he  shunted  in  one  case  and  not  in 
the  other,  this  method  is.  not  a  perfectly  accurate  one  unless  the 
following  correction  he  introduced. 

188.  Multiplying  Power  of  a  Shunt  used  in  Mea-. 
suring  a  Dlsoharge.— When  a  quantity  of  electricity  is 
passed  through  a  shunted  galvanometer,  the  quantities  that  pass 
respectively  through  the  galvanometer  and  diunt  are  inversely  as 
fheir  resistances  exactly  as  in  the  case  of  a  steady  current ;  hut 
when,  after  the  discharge  has  heen  completed,  the  needle  heg^ns 
to  move,  its  motion  induces  a  current  in  the  galvanometer  and 
shunt  in  such  a  direction  as  to  tend  to  stop  its  motion.  This  in- 
duced current,  therefore,  dampa  the  motion  of  the  needle,  and  we 
have,  therefore,  to  use  the  formula  for  damped  vihrations  given  in 
§  1^7,  page  296.  It  cao,  however,  he  proved  mathematically  that 
trt/A  a  given  gaUfonometer,  and  with  a  given  a4fu»tment  of  Che  eon* 
trolling  magnetf  fe,,  the  damping  in  this  ease  hae  eimplg  the  efeet  of 
imereaeing  the  reeietanee  of  the  galvanometer  bg  a  definite  amount^  ifi- 
dependently  of  the  reeietanee  of  the  shunt.  So  that  if  ff  he  the  actual 
galvanometer  resistance,  and  t  that  of  the  particular  shunt  em- 
ployed, the  multiplying  power  for  a  discharge  ia 

— r~* 

where  /  has  a  definite  value,  independent  of  that  ol «,  for  a  given 
galvanometer  with  a  given  adjustment  of  the  controlling  magnet, 
&c.  Instead,  therefore,  of  employing  the  formula  for  damped 
vihrations,  to  do  which  we  must  measure  the  decrement  when  its 
vihrations  are  damped,  we  may  simply  determine  the  constant  /  in 
the  following  way : — 

Charge  a  condenser  with  a  small  F.  D.,  say  of  Yj  volts, 
through  the  galvananeter  unshunted,  ohtnining  a  first  swing  t/j, 
say.  Next,  having  discharged  the  condenser,  shunt  the  galvano- 
meter with  any  convenient  shunt  of  resistance  t,  increase  the  P.  D. 
to  a  suitahly  larger  value  V,  volts,  and  charge  the  condensei 
through  the  shunted  ^vanoineter,  ohtaining  a  first  swing  d^ 
Than,  since  the  quantities  which  pass  into  the  condenser  are  pro- 
portional to  Yi  and  Y^ 
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or  the  moltiplyiiig  power  of  the  shiint, 

■  — • """  •  ^t 


end   y+^=#f*.y>-iY 


Ab  Vj  and  Vg  only  occur  in  a  ratio,  we  do  not  require  to 
know  their  absolute  vunes  in  volts,  and  the  simplest  method  of 
obtaining  two  P.  Ds.  having  a  known  ratio  is  that  given  in  §  150, 
page  278. 

BgBompU  103.  —  On  charging  a  slightly  leaky  oondeoser 
through  a  galvanometer  of  1,000  ohms*  resistance,  shunted  with  the 
•^th  shunt,  a  deflection  of  230  scale  divisions  is  obtained.  Tb^ 
condenser  is  then  insulated,  and  at  the  end  of  half  a  minnte  it  is 
again  charged  but  with  the  galvanometer  unahunted,  and  a  deflec- 
tion of  112  scale  divisiozis  is  obtained.  What  is  the  resistance  of 
the  condenser  f 

To  ascertain  the  value  of  the  first  deflection  in  farads,  as  well 
as  to  find  the  increased  multiplving  power  of  the  shunt  fov  a  dia- 
charffe.  let  us  charge  a  well-insulated  condenser  of  known  o^iacityy 
say  {xd  of  a  microfetrad,  with  the  same  P.  D.  as  was  used  in  tihe 
previous  experiment ;  let  this  give  a  defieotion  of  175  scale  divi- 
sions with  uie  galvanometer  unahunted.  Kext  discharge  the  con- 
denser, shunt  the  galvanometer  with,  say,  the  same  shunt  as 
was  uaod  before,  increase  the  P.  D.  employed,  and  again  charge 
the  condenser,  obtaining,  say,  a  deflection  of  295  scale  diviaionB. 
Let  these  two  P.  Ds.  be  those  between  the  points  S  and  T,  Fig.  101, 
page  278,  and  L  and  M,  and  let  the  ratio  of  the  reeistanoes  of  q 
and  j?  be  in  the  ratio  of  10  to  1,736. 

The  multiplying  power  of  the  shunt  for  a  discharge  equals 

•  ±A±ll.l736        175 
f         ^10         296* 

s  103, 

therefore  the  capacity  of  our  lightly  leaky  condenser  is 

103  ???-x-i fiuads, 

175      3  X  10« 

or    46*12  microfarads. 

Next,  K  being  the  number  of  coulombs  in  one  oostfaig  of  our 
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dig^y  laakv  condenaer  at  the  moment  of  duurg^iagy  and  K  the 
qimtify  at  the  end  of  half  a  minnte, 

5^'  =  112  +  230  X  10l» 

v 
•  *•  log.]^  —    cs  0*0021. 


r  =  Jli?li2^ohmc 

^5ii X  00021 
10« 

Ammow^ — 187*5  megohma. 

Labgx  Potential  Divfsbehcks. 
188.  Produotion  of  Large  Potential  Difbremoes.— 

When  any  two  diasimUar  snbfitanoes  are  brought  into 
contact^  there  is  a  certain  P.  D.  set  up  between  them  in 
oonseqnence  of  what  is  known  aa  the  **  eorUaei  paUtUial 
difference."  The  two  substances,  therefore,  become 
charged,  like  the  two  coatings  of  a  condenser,  with 
equal  and  opposite  amounts  of  electricity,  depending  on 
the  eoniad  P.  2).,  the  proximity  of  the  two  bodies  and 
their  size.  If  either,  or  both,,  of  these  bodies  be  an  in- 
sulator, or  be  held  by  an  insulating  handle,  some,  or  aU, 
of  the  charge  will  remain  when  the  bodies  are  separated. 
If  the  bodies  be  separated  in  such  a  way  that  practically 
oZ^the  points  of  contact  are  broken  at  the  $ame  Hme, 
then  aU  the  charge  will  remain  on  each  of  the  bodies  if 
they  be  properly  insulated.  As  the  distance  between 
the  bodies  increases  the  capacity  of  the  condenser  rapidly 
diminishes,  hence  the  P.  D.  between  the  bodies  rapidly 
increases.  In  this  way  a  P.  D.  of  many  hundreds,  or 
thousands,  of  volts  can  easily  be  produced  by  bringing  a 
piece  of  dry,  clean  glass  into  close  contact  with  a  piece 
of  silk,  or  a  piece  of  dry,  clean  ebonite  into  close  contact 
with  a  piece  of  cat's-skin,  and  then  separating  them ;  and: 
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jurt  as  work  bas  to  be  done  in  separating  the  two  plates 
of  a  charged  condenser  («60  Example  100,  page  326),-w^ork 
has  to  be  done  in  separating  the  glass  from  the  silk,  or 
the  ebonite  from  the  oat's-sldn,  and  the  power  that  the 
glass  or  ebonite  has  to  give  a  spark  when  the  knnckle  is 
brought  near  it,  arises  from  the  condenser  possessing  a 
store  of  potential  energy.  (See  §  176,  pge  322.)  The 
ebonite  forms  one  of  the  coatings  of  this  condenser,  and 
the  surface  of  the  room  the  other,  because,  as  the  cat's- 
skin  is  not  a  good  insulator,  the  chaige  of  positive  elec- 
tricity induced  on  it  when  it  is  in  contact  with  the 
ebonite,  spreads  itself  over  the  walls,  ceiling,  and  floor  of 
the  room  on  the  separation.  As  explained  in  §  61,  page 
115^  the  object  of  rtMing  the  glass  with  the  sOk  ia  to 
bring  all  parts  of  the  surface  of  the  instdcUvng  glass  into 
sucoessiye  contact  with  the  silk. 

The  well-known  cylindrical  and  plate-glass  frictional 
electrical  machines  are  merely  contrivances  for  bringing 
different  portions  of  the  surface  of  a  cylinder,  or  a  td^eet 
of  glass,  successiTely  into  close  contact  with  a  silk  rubb^ 
and  separating  them  again.  The  electrical  energy  pro- 
duced by  such  an  apparatus  depends  simply  on  the  work 
required  to  perform  the  eepcuration  of  the  positively  eleo- 
tritied  portions  of  glass  from  the  negatively  electrified 
rubber,  whereas  the  actual  power  expended  in  turning 
such  a  machine  is  mainly  wasted  in  overcoming  friction 
and  producing  heat.  Hence,  euckfriciional  machines  are 
extremely  inefficient  convertere  of  mechanical  energy  into 
electrical  energy^  and  they  are^  therefore,  rapidly  becoming 
obsolete,  and  being  replaced  by  the  much  more  efficient 
influence  machines.    {See  §  194,  page  361.) 

190.  Oondensing  Eleotroaoopa  —  The  increase  of 
P.  D.  between  the  two  coatings  of  a  charged  condenser, 
produced  by  separating  the  plates,  may  be  employed  to 
cause  an  ordinary  gold-leaf  electroscope  to  indicate  the 
P.  D.  existing  at  the  terminals  of  two  or  three  cells  in 
series.  For,  let  the  plate  m.  Fig.  42,  page  120,  be  con- 
nected electrically  with  the  tinfoil  ooa;ting  of  the  gold*  * 
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le^  electroscope,  and  placed  close  to  the  plate  P ;  theD 
let  them  be  connected  with  the  terminals  of,  say,  three 
Danieirs  cells  in  series,  which  will  cause  them  to  be 
charged  with  a  P.  D.  of  about  3*3  volts.  Now,  discon- 
nect p  from  the  cells,  and  remove  m  altogether,  then  the 
P.  D.  in  volts  between  the  gold-leaves  and  the  tinfoil 
coating  of  the  electroscope  will  become  3*3  multiplied  by 
the  ratio  of  the  capacity  of  p  when  m  was  close  to  it,  to  its 
capacity  when  m  has  been  removed  far  away,  that  is,  when 
p  forms  a  condenser  with  the  walls  and  ceiling  of  the 
room,  and  with  the  tinfoil  coating  of  the  electroscope ; 
since,  with  a  given  charge  on  the  coatings  of  a  condenser 
the  P.  D.  between  the  coatings  is  inversely  as  the 
capacity  {see  §  167,  page  308).  This  ratio  will  be  the 
greater  the  nearer  M  was  brought  to  p  during  the  charg- 
ing, and  may  easily  be  made  100  or  more  (so  that  the 
P.  D.  between  the  gold-leaves  and  the  tinfoil  coating  is 
now  between  300  and  400  volts)  by  having  the  surfaces 
of  the  plates  carefully  coated  wi^  a  layer  of  shell-lac, 
and  by  simply  resting  m  oii  p.  BtricUy  speaking,  the 
nitio  of  capacities  to  be  considered  is  that  of  p  plus  that 
of  the  gold-leaves  when  M  is  close  to  P,  to  that  of  p  plus 
that  of  the  gold-leaves  when  m  is  far  away ;  and  although 
the  capacity  of  the  gold-leaves  is  insignificant  in  compari- 
son with  tjiat  of  P  when  u  is  very  near  p,  it  is  not  so 
when  M  has  been  removed.  The  above  will  be  practi- 
cally the  same  whether  m  be  disconnected  or  not  from 
either  the  tinfoil  coating  or  the  cells,  before  it  is  re- 
moved. 

In  order  that  the  distances  separating  all  parts  of  m 
and  p  may  be  very  small,  their  surfaces  must  be  made 
quite  plane,  and  it  is  difficult  to  do  this  unless  the  plates 
be  fairly  thick.  But  if  they  are  thick  they  will  be  too 
heavy  to  rest  on  the  stem  of  the  electroscope,  hence  it  is 
better  to  support  p  as  the  plate  a  (Fig.  29,  page  88),  is  sup- 
poi-ted,  by  means  of  an  insulating  stand  having  a  fairly 
strong  glass  rod,  and  to  connect  it  with  w  of  the  electro- 
scope by  a  thin  piece  of  wira 
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191  Gftlibratiiig  a  Odd-Leaf  Eleotroseope.— If  the 
ratio,  r,  say,  that  the  sum  of  the  capacitieB  of  p  and  of 
the  gold-leares  when  m  is  placed  in  a  fixed  position  near 
p  bears  to  the  sum  when  M  is  &r  away,  be  accuratelj 
known,  then  a  gold-leaf  electroscope,  which  will  not  in- 
dicate directly  a  P.  D.  of  less  than  100  or  200  volts,  may 
be  calibrated  for  any  divergenoe  of  the  leaves  by  the 
employment  of  some  ten  or  twelve  oella  For  if  p  and 
M,  when  near  together,  be  charged  with  one  cell,  and 
then  M  be  removed,  and  the  divergence  of  the  gold-leaves 
di  noted,  then  p  and  m  be  charged  with  two  oeUs,  m  be 
removed,  and  the  divergence  d^  noted,  &a,  these  diver- 
gences di,  d^  &Cf  will  correspond  with  a  P.  D.  betweoi 
tiie  gold-leaves  and  the  tinfoil  coating  of  r  E,  2  r  £,  Ac^ 
volts,  where  E  is  the  R  M.  F.  of  one  cell,  and  which  is 
1*104  volts  if  the  cells  be  Darnell's  cells  made  with 
equidense  solutions  of  copper  and  zinc  sulphate,  and  if 
pure  zinc  and  copper  plates  be  employed  {gee  §119, 
page  211). 

It  would  be  practically  impossible  to  determine  this 
ratio,  r,  by  calculation,  owing  to  the  dij£calty  of  calcu- 
lating the  capacity  of  p,  and  the  gold-leaves  when  m  was 
removed.  To  determine  it  experimentally  would  be 
nearly  as  difficult  as  calibrating  the  gold-leaf  elec- 
troscope directly  by  experiment.  We  must,  th^refore^ 
employ  some  condenser,  the  capacity  of  which  can  be 
made  to  have  two  very  distinct  values,  both  of  which  are 
large  compared  with  the  capacity  of  the  gold-leaves, 
having  a  known  ratio  to  one  another  of  about  100 ;  or  we 
may  employ  the  arrangement  suggested  by  Sir  William 
Thomson,  in  1885,  for  increasing  a  P.  D.  in  a  known 
ratio,  and  which  is  shown  symbolically  in  Fig.  136.  a, 
B,  G,  &a,  are  well-insulated  condensers  of  not  necessarily 
equal  capacities,  joined  up  in  series,  the  outer  coating  of 
the  first  a  being  connected  with  the  outside  of  the  electro- 
scope, and  the  inner  coating  z  of  the  last  with  the  gold- 
leaves.  A  well-insulated  battery,  ss,  of  a  convenient 
number  of  ceUs,  having  an  E,  M.  F.  equal  to  E  voltSi  baa 
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its  terminalB  connected,  first  with  a  and  6,  then,  instead, 
with  b  and  c,  then  with  c  and  dy  &c  On  the  battery  ter- 
minals being  connected  with  a  and  6,  the  coatings  of  the 
first  condenser  will  have  a  P.  D.  of  E  volts  produced 
between  them,  and  similarly  on  the  battery  terminals 
being  connected  with  b  and  e  a  P.  D.  of  £  volts  will  be 
produced  between  b  and  c,  therefore  the  P.  D.  between  a 
and  c  will  be  2  E  volts. 
Again,  on  connecting  the 
battery  terminals  with  e 
and  d,  the  P.  D.  between 
a  and  d  will  become  3  E 
volts,  &e.  Hence,  if  there 
be  100  condensers  in  series, 
and  if  the  battery  be  moved 
along  so  that  its  terminals 
make  successive  contacts 
with  the  pairs  of  coatings 
of  each  of  the  condensers, 
the  P.  D.  between  a  and  z, 
that  is  between  the  outer 
coating  of  the  electroscope 
and  the  gold -leaves,  will 
become  100  E,  and  by 
making  E  first,  say  2  volts, 
nert  3  volts,  and  so  on, 
the  electroscope  can  be  calibrated  with  P.  Ds.  of  200, 
300,  <fec,  volts. 

In  the  last  paragraph  it  is  stated  that  the  coatings  of 
the  condensers  are  well  insulated  from  one  another,  but 
if  the  battery  terminab  s  s  be  rapidly  moved  backwards 
and  forwards  so  as  to  make  rapid  stiecesHve  contacts  with 
the  coatings  of  the  various  condensers,  it  will  only  be 
necessary  for  the  insulation  of  the  condensers  to  be  fairly 
good,  as  there  will  be  no  time  for  leakage  to  take  place 
between  the  successive  contacts  of  the  coatings  of  each 
condenser  with  the  battery  terminals. 

The  following  gives  the  result  of  the  approximate 
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calibration  of  a  gold-leaf   electroscope,  the  gold-leaves 
being  about  1 J  inch  long : — 

P.  D.  between  the  kaTee  and' 
th«  tinfoQ  ooatiBg 
in  Tolts. 

500 


Angle  betireen  tiie  gold- 
leavee. 


26® 
42®-6 
60*^-2 
92''-7 


760 
1,000 
1,600 


192.  Electrophoros. — The  oldest  form  of  if^luence 
machine  is  the  *'  elec^ropfiortis"  which  consists  of  a  plate  of 

some  insulating  sub* 
stance  i  (Fig.  137), 
usually  ebonite  in  the 
modem  electropho> 
rus,  fastened  into  a 
metal  backing  b,  and 
a  movable  metal  plate 
p,  into  which  screws 
a  metal  ferrule  at- 
tached to  an  insu- 
lating rod  or  handle 
R.  The  electrophoms 
can  be  made  to  give 
a  succession  of  either 
positive  or  negative 
charges  of  high  po- 
tential by  the  varia- 
tian  qfcapctcity  of  the 
condenser  formed  of 
the  ebonite  and  the 
plate  p,  produced  by 
altering  theirdistance 
from  one  another 
The  ebonite,  on  being  rubbed  with  a  piece  of  catV 
skin,  becomes  negatively  charged,  and  forms  a  condenser 
of  fixed  capacity  with  the  uninsulated  backing  B,  the  upper 
surface  of  which  is  therefore  charged  positively.  Further, 
iliis  condenser- action  causes  the  n^;ative  charge  produced 


Chap.  VII.I  THE  BLECTR0PH0BU8.  357 

on  the  apper  surface  of  the  ebonite  to  be  attracted  a  small 
distance  downwards  into  the  insulating  substance  of  th« 
ebonite,  and  so  prerents  the  charge  being  easily  removed 
by  the  metal  plate  p  when  it  is  laid  for  a  short  time 
on  the  ebonite.  If  this  plate  be  heJd  by  the  insulating 
handle  R,  and  placed  on  the  ebonite,  the  potential  of 
the  ebonite  will  be  slightly  diminished  numerically — that 
is,  become  less  negative — (tee  §  67,  page  120),  and  the 
plate  P  will  be  raised  to  a  iairiy  high  negative  potential, 
ihe  density  on  its  lower  surface  being  positive,  and  on 
its  upper  n^ative  (see  §  69,  8,  page  124) ;  P,  in  fact, 
forms  a  condenser  with  the  ceiling  and  walls  of  the  i-oom. 
If  now,  by  means  of  the  insulating  handle,  held  cU  the 
extreme  end  to  diminish  the  surface  leakage  as  much  as 
possibUy  p  be  removed  again  without  being  touched ,  its 
negative  potential  will  grow  less  and  less  as  its  distance 
from  the  ebonite  grows  greater  and  greater,  and  the 
density  on  its  upper  and  lower  surfaces  will  also  be 
diminished,  until  at  last  when  p  is  beyond  the  range  of 
the  inductive  action  of  the  ebonite  it  will  be  simply  an 
unchai^ged  body  at  a  potential  nought. 

But  if,  on  the  other  hand,  whOe  p  is  resting  on  the 
ebonite,  it  be  connected  with  the  backing,  B,  or  with  the 
earth,  by  means  of  a  wii-e,  or  more  simply  by  touching 
it  with  one's  finger,  its  potential  will  be  reduced  to 
nought^  and  the  potential  of  the  ebonite  will  be  numeri- 
cally diimimshed.  Hence,  some  of  the  positive  chai'ge 
previously  induced  in  the  backing  will  flow  away,  all  the 
negative  charge  on  the  upper  surface  of  p  will  also  dis- 
appear, and  some  more  positive  electricity  will  be 
attracted  to  the  lower  side  of  P,  the  density  on  its  upper 
surface  will  become,  therefore,  nought,  and  on  its  lower 
surface  more  positive  than  before,  p  and  b  together 
now  form  the  earth  coating,  and  the  ebonite  the  insii- 
lated  coating,  of  a  condenser.  On  removing  p  by  means 
of  the  insulating  handle  b,  its  potential  rapidly  rises 
positively^  and  that  of  the  ebonite  increases  negatively. 
When  p  has  been  removed  some  little  distance  from  the 
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ebonite,  its  potential  beoomes  high  enough  to  enable  it 
to  give  a  positive  spai'k*  to  a  conductor  brought  near  it. 
And  aa  the  ebonite  is  not  sensibly  discharged  hy  the 
action  of  placing  p  on  its  surface  and  removing  it,  the 
operation  of  inductively  giving  p  a  large  positive  chaiqge 
can  be  repeated  again  and  again ;  and  we  may  thus 
charge  an  insulated  conductor  with  even  a  ktrge  capaciiy 
to  a  high  positive  potentiaL 

To  save  the  trouble  <^  having  to-  electrically  ooimeet 
p  with  B  each  time  p  is  laid  on  the  ebonite,  it  is  desirable 
(if  an  electrophorus  is  made  simply  for  practical  use  and 
not  also  for  the  purposes  of  instruction,  as  is  the  case 
with  the  one  shown  in  Fig.  137)  to  drill  a  hole  throu^ 

/ the  backing  b  (Kg,    138)  and  the 

ebonite  i,  and  insert  a  small  brass 
screw  8  into  it  of  such  a  length 
that,  when  screwed  in,  its  point  is  a 
liUle  below  the  upper  surface  of  the 
ebonite,  for  with  this  arrangement  a  c^ark  passes 
across  the  small  air  space  when  p  is  laid  on  the  ebonite 
in  consequence  of  the  high  negative  potential  induced 
in  p;  but  no  spark  passes  on  raising  p,  since  its  posi- 
tive potential  only  becomes  large  when  p  is  raised 
so  far  from  the  ebonite  that  a  spark  cannot  pass  to 
the  screw.  The  presence,  therefore,  of  this  screw, 
with  its  slightly  countersunk  point,  has  precisely  the 
same  effect  as  ccmnecting  p  with  b  when  p  is  resting 

*  When  the  P.  D.  between  two  condnoton  reaches  a  certain  valae, 
depending  on  their  shapes,  their  distance  apart,  and  the  insulating 
material  separating  them,  a  crack  or  hole  is  found  in  the  insulator, 
and  a  spark,  produced  by  the  burning  of  minute  nartides  of  the  sni^ 
faces  of  the  conductors,  passes  along  the  crack  or  nolo.    The  P.  D.  re- 

?[uired  to  produce  a  spark  through  air  is  given  in  §  196,  page  370,  but 
or  paraffined  paper,  guttapercha,  glass,  &c.,  it  is  much  greater. 
While  the  air  is  momentarily  cracked,  during  the  passage  of  a  spatk, 
its  resistance  is  comparative^r  small,  but  after  the  s^ik  has  passed, 
the  crack  closes  up,  and  the  resistance  regains  its  originnl  value  ;  if, 
however,  the  spark  has  passed  through  paper,  a  small  hole  may  be 
seen,  differing,  however,  nom  a  hole  made  by  a  pin,  in  that  the  fonner 
is  burred  on  both  sides,  as  if  tiie  electric  force  making  it  had  acted  from 
the  centre  of  the  paper  outwards  towards  elbch  side. 
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on  tlie  ebenile,  and  removing  this  ooiiiiectio&  before  p 
is  raised. 

If  it  be  desired  to  charge  an  insalated  oonductor  of 
large  oapacitj  to  a  bigh  negaiive  potential,  ve  might  nse 
an  electrophoras  with  i  (Fig.  137)  made  of  glass,  which 
becomes  chai*ged  posUively  on  being  rubbed  with  silk ; 
but  aa  glass  is  a  much  more  hygroscopic  bodj  than  ebonite, 
and  therefore  much  more  difficult  to  keep  electrified  when 
expoaed  to  the  air,  it  is  better  to  use  an  ebonite  electro- 
phorus  in  the  following  manner. 

19S.  Ebonite  Electrophoms  arranged  to  give  Nega- 
tive Ghargea. — Unscrew  the  handle  from  the  plate  p  and 
screw  it  into  the  back- 
ing (Fig.  139).  Excite 
the  ebonite  by  rubbing 
it  with  cafs-skin,  and 
suppose  that  the  back* 
ing  has  been  brought 
to  a  potential  nought 
by  connecting  it  for 
a  moment  with  the 
ground  when  it  was 
held  at  some  distance 
from  p,  which  is  lying 
on  the  table.  The 
ebonite  is  now  the  in- 
sulated coating  of  a 
condenser,  the  uninsu- 
lated one  being  b  and 
the  walla  of  the  room. 
Next  holding  the  back- 
ing and  ebonite  by  the 
insulating  handle  k, 
place  the  ebonite  on  p 
(Fig.  140).  The  po- 
tential of  the  ebonite 

will    then    become  less  negative,   the    potential   of    b 
will  be  raised  to  a  high  positive  value,  the  density  on 
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its  upper  side  will  become  positive,  tbe  deiudtj  on  its 
lower  side  less  positive  than  before,  and  the  densily  of 
the  upper  surface  of  p  positiva  Connect  b  with  p,  the 
potential  of  b  will  be  reduced  to  nought,  the  potential  of 
the  ebonite  will  be  made  still  less  negative,  the  density 
on  the  upper  surface  of  p  made  less  positive,  the  density 
on  the  upper  surface  of  b  nought,  and  on  its  lower  snr- 

&ce  more  positive  than  before. 
Raise  the  backing  and  the  ebonite 
by  the  handle,  the  potential  of  the 
ebonite  will  become  more  negative, 
and  that  of  b  will  become  negtUive 
and  will  reach  a  high  negative  value 
when  the  backing  and  ebonite  are 
removed"  some  little  distance  from 
p,  so  that  a  spark  of  negative  eleo- 
tricitj  can  be  taken  from  b  b j  a 
conductor  brought  near  it. 

In  the  preceding  we  have 
considered  the  various  electrical 
changes  that  take  place  on  aU  the 
parts  of  an  electrophorus  when  in 
use,  but  probably  the  simplest  way 
of  looking  at  the  action  of  the 
electrophorus,  whether  it  be  used 
to  give  positive  or  n^;ative  charges 
to  some  conductor,  is  to  remember 
that  when  p  is  in  contact  with  the  ebonite  plate,  and 
p  and  B  are  electrically  connected  together  and  with 
the  earth,  there  are  charges  of  positive  electricity  on 
the  surfaces  of  p  and  b  facing  the  ebonite,  and  these 
charges  may  in  each  case  be  regarded  as  being  due  to 
the  eoccess  of  t^ie  inductive  action  of  the  negative  charge 
on  the  ebonite  over  that  of  the  positive  charge  on  the 
other  metal  plate,  the  effect  of  the  negative  charge  in 
each  case  preponderating.  Consequently  if  both  p  and  B 
could  be  separated  from  the  ebonite  by  means  of  insu- 
lating handles,  both  would  be  found  to  have  a  positive 
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potential,  and  to  be  in  a  condition  to  giv^  a  poniive 
charge  to  some  other  conductor.  And  if  the  ebonite  and 
I  lacking  be  removed  withoat  separation,  P  will,  as  before, 
have  a  positive  potential ;  bnt  the  action  on  b  will  now 
be  quite  diferent  from  before,  for,  instead  of  the  induc- 
tive action  of  the  positive  electricity  on  p,  together  with 
the  preponderating  inductive  action  of  the  negative 
electricity  on  the  ebonite,  being  remored  simultsvneously, 
only  the  former  is  removed.  Hence  the  inductive  eSect 
on  B  of  this  negative  electricity  on  the  ebonite  will  pro- 
duce an  effect  greater  than  before,  b  will  therefore  have 
a  negative  potential,  and  be  in  a  condition  to  give  a 
negative  charge  to  som^  other  conductor. 

In  the  electrophorus  shown  in  the  figures  the  ebonite 
is  held  to  the  backing  by  three  pins  p  p,  instead  of  being 
cemented  to  it  as  is  usual  in  an  electrophorus,  and  can 
be  removed  by  withdrawing  these  pin&  Hence  we  can 
examine  the  electrification  of  the  ebonite  or  of  the 
backing  in  any  stage  of  the  experiments  described  above. 
To  charge  a  body  of  large  capacity  with  a  simple  electro- 
phorus is  a  slow  process,  and  hence  a  ''  rotatory  electro- 
phorus "  has  been  devised  by  Bertsch  for  enabling  the 
operations  described  in  §  192  to  be  rapidly  performed, 
but  even  this  apparatus  is  inferior  to  tiie  machines 
described  in  the  following  sections. 

194.  Accmniilating  Influence  Machines. — With  the 

electrophorus  we  can,  as  we  have  seen,  increase  the 
potential  of  an  insulated  body  until  it  is  equal  to  that 
of  p,  when  p,  with  its  induceid  charge  in  it,  has  been 
removed  far  away  from  the  ebonite,  but  we  have  no 
means  of  increasing  the  charge  in  tiie  ebonite  itself ; 
and  so,  in  order  to  use  an  electrophorus,  it  is  necessary 
to  commence  by  charging  the  ebonite  by  rubbing  it  with 
a  piece  of  cat's-skin.  With  an  "  aecumulating  irifliience 
machine/'  on  the  other  hand,  we  are  able  to  increase  the 
charge  on  the  inductor,  and  hence  to  start  such  a  machine 
with  practically  little  or  no  chai^  on  the  inductor.  The 
action  of  all  such  machines  depends  on  the  folic  wing  prin- 
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dpie : — It  A  aad  B  (Fig,  141),  be  two  inEolated  metallic 
poto  poBMaaing  n  stnidl  P.  I>.  between  than,  the  potential 
of  A  being  the  higher,  and  if  O  and  D  be  two  QDchar^d 
conductors,  O  being  placed  near  the  ontside  of  A,  and  d 


near  the  ontside  of  b,  the  potential  of  C  will  be  a  UtUe 
higher  than  that  of  D ;  hence  if  c  and  D  be  connected  hj 
a  piece  of  wire  w,  or  other  conductor,  a  small  qoanti^ 
of  positive  electricity  will  flow  from  c  to  d,  so  that  there 
wiU  be  a  imall  charge  of  positive  electricitj  on  D,  and  of 
negative  on  c.  If,  now,  the  wire  be  disconnected  from  c 
and  D,  and  by  means  <A  inBulating  threads  c  be  pat  in- 
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side  B  and  be  made  to  tonoh  b  near  the  bottom,  vhile  d 
is  put  inside  A,  and  is  roade  to  touch  A  near  the  bottom 
(Fig.  142),  the  D^ative  cbaige  on  c  irill  be  given  np 
entirely  to  b,  and  the  podtire  choi^  on  d  entirety  to  a 
(«ee  §  64,  page  118) ;  hence  the  P.  D.  between  a  and  b  . 


will  be  increased,  c  and  d  are  now  withdrswu,  totally 
discharged  from  b  and  a,  and  on  being  put  again 
into  the  pomtion  shown  in  Fig.  141,  the  operation  is 
repeated.  If  this  be  performed  a  sufficient  number  of 
times,  the  F.  D.  between  a  and  b  may  be  made  as  tai^ 
ns  we  like ;  and  as  the  charges  induced  in  c  and  D  depend 
on  the  P.  D.  already  existing  between  a  and  b,  it  follows 
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that  the  increase  of  P.  D.  goes  on  more  and  mere  rspidly 
according  to  the  "  compwind  interest  law." 

19S.  Thomson's  Beplenisher. — An  accumuUtiHg  in- 
fluenoe  machine  for  mpidly  performing  the  operetions 
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described  in  the  last  section  wae  devised  by  Sir  William 
Thomson  about  1867,  Eind  has  been  much  emp]<^ed. 
The  balls  O  and  d,  in  Pig.  141,  are  replaced  by  two  gilt 
brass  "  carriers  "  c,  d,  seen  in  perspective  in  Figs.  143, 145, 
and  in  plan  in  Fig.  144.  These  are  carried  eccentrically 
at  the  ends  of  an  ebonite  rod  r,  fixed  to  an  ebonite 
spindle  B.  and  by  turning  this  spindle  by  means  of  the 
milled  head  m  at  the  top  (Fig.  145),  the  carriers  are 
rapidly  carried  round.  Themetat  potaAand  b,  of  Fig.  141, 
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liecome  the  gilt  ImBa  "  indactors  "  ab  (Figs.  143,  144, 
145),  and  the  vire  w  is  repU<»d  by  two  springs  s  a',  con- 
oected  by  a  strip  of  bnwa  h  fixed  round  the  edge  of  the 
piece  of  ebonite  P.  This  ebonite  carries  the  springH  and 
also  the  end  of  the  spindle,  and  is  itself  supported  as  seen 
In  Fig.  14S.     When  the  carrien  c  d  simnltaneonBly  touch 
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Qie  springs  sb',  they  are  pnctically  in  the  same  electric 
condition  as  are  c  and  D  ( Fig.  141),  and  are  acted  on 
indnctively  by  the  charges  in  the  inductors  A  B ;  while, 
on  the  other  hand,  when  they  hare  l«en  turned  round 
farther  in  the  direction  of  the  arrow  (Fig.  144)  nntil  they 
touch  the  springs  s  a,  which  are  connected  respectively 
with  the  two  inductoiB,  the  carriers  are  electrically  in  the 
same  condition  as  are  c  and  D  (Fig.  142)— that  is,  they 
Hre  under  cover  of  the  inductors,  and  so  part  with  their 
chaives  to  these  inductors. 

U.  is  found  that  there  is  alwayo  a  sufficiently  large 
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P.  D.  between  the  indacton  ab  (Fig.  143),  no  matter 
bow  well  tbey  m&y  have  been  previously  diacharged,  to 
start  the  action  of  the  "  ThoTjuon't  rtpienisher,"  and  to 
enable  the  appctratua  (if  it  be  well  conatmcted,  and  abo 
clean  and  drj> )  to  rapidij  produce  sparks  on  the  compound 
interest  principle. 

To  prevent  the  carcierB  c  d  cftusing  the  inductors  a  b 
to  lose  electricity  by 
being  left  in  contact 
with  them,  or  by  being 
electrically  attracted 
round  80  as  to  come 
i  nto  contact  with  tJiem, 
when  the  replenisheris 
not  in  use,  the  milled 
head  ■  (Fig.  145)  is 
fixed  in  the  position 
seen  in  this  figure  by 
a  pin  attached  to  the 
farther  side  cJ  the 
square  head  a,  fitting 
into  a  hole  in  the  head 
H.  On  turning  the 
head  H,  this  pin  is 
withdrawn  from  the 
milled  head  m,  which 
ia  then  free  to  turn, 
and  the  spring  K  presn- 
ing  against  the  square 
Fig.  us.  head  h  is  for  the  pur- 

pose of  holding  the 
head  in  one  or  o^er  of  two-  definite  positions — in  one 
of  which  the  pin  locks  the  milled  head  M,  and  in  the 
other  leaves  it  quite  free. 

The  earliest  machine  in  which  this  compound  interest 
principle  of  electrophone  action  was  used,  was  the  "  re- 
volving doubler "  invented  by  N^icholson  more  than  one 
hundred  yean  ago.    This  apparatus,  however,  seems  to 
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have  remained  praotioallj  unknown,  and  nnuged.  In 
1860  0.  F.  Varley  inyented  a  Bomewhat  similar  appa- 
ratus, and  still  later  a  well-known  machine  was  devised 
by  Holts,  which,  however,  required  an  initial  P.  D.  to 
be  set  np  between  the  inductAs  by  a  piece  of  rabbed 
ebonite  in  order  to  start  the  action.  So  far  the  Holts 
machine  resembles  the  electrophoros,  but  while  in  a 
simple  electrophorus,  or  even  in  Bertsch's  rotatory  eiec- 
trophonis,  there  is  no  contrivance  for  even  mftintAiping 
the  P.  D.  between  the  inductors,  the  Holtz  machine 
IB  so  designed  that  the  P.  D.  is  increased  by  the  action 
of  the  machinei  This  machine  differs,  however,  from 
Thomson's  replenisher :  first,  in  that  the  carriers  are 
practically  infinite  in  number ;  secondly,  in  the  connect- 
ing wire  w  (Figs.  141,  142),  and  s  s'  (F^  143,  144), 
having  a  break  in  it  so  that  it  is  divided  into  two  parts, 
and  the  P.  D.  that  is  set  up  between  these  two  parts  when 
any  pair  of  carriers  are  simultaneously  in  electrical  contact 
with  them,  being  the  P.  D.  that  is  practicaUy  made  use  o£ 

The  next  improvement  was  miade  by  Voss,  who  pro- 
duced an  accumulating  influence  machine  which  com- 
bined the  advantages  of  the  Thomson's  replenisher  and 
of  the  Holtz's  machine,  in  that  it  required  no  initial 
P.  D.  to  be  given  to  the  inductors  to  sti^  the  action,  and 
produced  considerable  quantities  of  positive  and  negative 
electricity  for  an  influence  machine.  It  is,  however,  un- 
necessary to  describe  either  this  or  the  Holts  machine  in 
detail,  because  the  latest  accumulating  influence  machine 
constructed  by  Mr.  Wimshurst  is  not  only  extremely 
simple  in  construction,  but  is  probably  the  most  perfect 
machine  of  this  type  that  has  yet  been  devised. 

196.  Wimshurst  Influence  Machine. — ^This  machine 
consists  of  two  circular  discs  of  ordinary  window  glass 
(Fig.  146),  each  attached  to  the  end  of  a  hollow  bo«i  of 
wood,  or  ebonite,  upon  which  is  turned  a  small  pulley. 
These  bosses  are  mounted  on  a  fixed  horizontal  steel 
spindle,  so  that  the  glass  discs  are  about  one-eighth  of  an 
inch  apart^  and  are  rotated  in  opposite  directions  by  the 
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cords  whioh  pass  over  the  pnUeys  at  thq  base  of  the  in 
strament,  one  of  the  driving  cords  being  croiaeai  for  this 

rtpoee.     The  gUas  discs  are  carefully  coated  irith  aheU- 
vamish,  and  on  the  otUtide  of  each  of  them  there  are 
cemented  an  eqnal  numlx?  of  radial,  aector-ahaped  plates  of 


thin  metal  at  eqnal  distances  apart,  irhich  act  the  part  not 
only  of  the  carriers  CD  (Figs.  U3,  144,  pages  364,  365), 
but  also  of  the  inductors  a  b.  the  carriers  on  one  ditc 
acting  at  the  inductort  for  the  carriert  on  the  other.  If 
only  ten  sectors  be  stnck  on  each  of  the  glass  discs,  it  is 
found  that  the  machine  will  only  excite  itself  under  very 
favourable  circnmstancee,  whereas  if  there  be  sixteen  or 
eighteen,  it  will  exdte  itself  under  all  atmospheric  con- 
ditiona.      Two  curved  brass  rods,  terminating  at  their 
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ends  in  fine  wire  bniahea,  are  placed,  as  seen  in  the 
figorey  one  at  the  front  of  the  machine,'  and  one  at  the 
back,  making  an  angle  of  about  90°  with  one  another, 
and  about  45^  with  the  horieontal  "collecting  combs" 
These  rods  act  like  the  springs  s  s'  (Figs.  143, 144)  in  con- 
necting a  pair  of  carriers  when  they  are  under  the  induc- 
tive action  of  the  inductors,  which  in  this  machine  are 
the  adjacent  carriers  on  the  other  plate.  The  combs  are 
four  in  number,  twQ  being  placed  at  the  front  of  the 
machine,  as  seen  in  the  figure,  and  two  at  the  back,  the 
points  of  the  combs  being  directed  towards  the  discs. 
The  two  combs  at  the  left  hand  are  connected  together, 
and  form  one  terminal  of  the  machine,  while  the  two  at 
the  right  hand  form  the  other.  These  combs  are  sup- 
ported in  position  by  the  brass  cylinders  to  which  they 
are  attached,  and  which  stand  on  glass  legs.  These 
cylinders  carry  the  two  "  discharging  rods "  which 
terminate  in  two  balls,  and  in  order  to  chazge  any  two 
bodies  (the  inside  and  outside  of  a  Leyden  jar,  for  ex* 
ample)  to  a  high  P.  D.,  they  must  be  connected  with 
pieces  of  wire  to  the  brass  cylinders,  and  the  balls  at  the 
ends  of  the  discharging  rods  separated. 

It  does  not  appear  that  the  collecting  apparatus  takes 
any  important  part  in  the  inductive  action  of  the  Wims- 
hurst  machine,  for  if  it  be  removed  and  the  glass  discs 
made  to  spin  round  in  opposite  diiections,  their  whole 
surface  is  seen  to  glow  with  a  luminous  discharge,  and  a 
sharp  crackling  sound  is  heard.  The  collection  of  the 
positive  and  negative  charges  might  be  effected  by  attach- 
ing springs  to  the  horizontal  rods  so  as  to  touch  the  ca]> 
riers  as  they  pass  instead  of  using  the  combs  which  coMect 
by  a  "brush*  discharge"  but  the  combs  introduce,  of 
course,  far  less  frictional  resistance  to  the  motion  of  the 
plate,  and  act  very  well,  because  when  a  carrier  oomee 

*  If  the  F.  D.  between  two  c(mduot<w8  be  ndsed,  it  ii  found  that 
before  it  reaches  the  value  that  will  oauae  a  spark  to  paaa  between 
the  conduoton,  a  hissing  sound  is  heard,  ana  a  ** brush"  or  **glow 
dUeharge  **  takes  place,  rendering  the  spaoe  betweea  the  conducton 
lunuDoiiB  in  the  dark. 

T 
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between  a  pair  of  combs,  it  is  practically  inside  a  oon- 
dnctor ;  and  we  have  seen  that  when  a  body  is  inside  a  con- 
ductor, no  charge  that  the  conductor  may  have-can  prevent 
the  body  discharging  itself  into  the  conductor,  and  as, 
in  addition,  the  density  is  very  great  at  a  point  (see  §  6^ 
page  118),  the  diarge  easily  passes  across  the  small  air 
space  separating  the  points  of  the  teeth  of  the  comb 
from  the  surface  of  a  carrier  when  it  is  passing  the  comb. 
Hence,  in  all  modem  frictional  or  influence  ma<diixke8, 
such  combs  have  been  used  as  the  collectors. 

By  attaching  the  inner  coatings  of  Leyden  jiu^  to  the 
st^ts  of  collecting  brushes^  the  outer  coatings  of  the  jars 
})eing  connected  together,  the  capacity  of  the  collectors 
in  much  increased,  hence  the  brightness  of  a  spark  and 
the  noise  that  it  makes  in  passing  from  one  of  the  balls 
to  the  other  is  also  much  increased.  As,  however,  we 
cannot  augment  the  rate  of  work  done  by  the  machine  in 
this -way,  and  as  the  work  given  out  by  each  s^^ark 
equals 

foot  lbs., 
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{see  §  1 76,  page  323),  where  F  is  the  capacity  in  farads  of 
one  of  the  Leyden  jars  that  is  discharged,  and  V  the 
P.  D.  between  their  inner  coatings,  it  follows  that  for  a 
given  influence  machine  and  for  a  given  rate  of  turning, 
the  rapidity  of  producing  sparks  will  be  diminished  by 
connecting  Leyden  jars  with  the  collecting  combo. 

The  P.  D.  produced  between  the  terminals  ot  an  in- 
fluence machine  can  send  a  spai-k  from  one  of  the  balls 
to  the  other  when  they  are  iseparated  by  a  distance  of 
several  inches.  When  the  surfaces  of  two  metallic  balls 
are  separated  by  more  than  about  one-tenth  of  an  inch, 
the  exi^erimeuts  made  by  Drs.  De  la  Rue  and  Hu<^ 
Muller,  show  that  the  P.  D.  required  to  pioduce  a 
spark  is  nearly  proportional  to  the  distance  between 
their  surfaces,  and  increases  at  the  rate  o^  roughly, 
10,000   volts    per   one-tenth    of   an    inch,   bo    that    it 
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would  require  a  P.  D.  of  about  lOO^OOO  Tolts  to  start 
a  spark  between  two  metal  balk  separated  by  a  distance 
of  one  inch.  If  the  bodies  between  which  the  spark 
passes  be  a  point  and  a  plate,  the  ^  strikinff  dirtanee  "*  is 
greater  for  the  same  P.  D.,  being  at  the  rate  of  one  inch 
for  every  23,400  volts  P.  D.  between  the  point  and  the 
plate.  From  this  it  will  be  seen  that  an  influence 
machine  can  produce  a  P.  D.  between  its  terminals  of 
some  hundreds  of  thousands  of  volts ;  consequently, 
the  quantity  of  electricity  that  passes  in  the  sparks  must 
be  very  small,  since  the  work,  in  foot  pounds,  done  per 
minute  by  the  machine,  equals 

44-25  A  V, 

(tee  §  114,  page  201),  where  A  ia  the  mean  value  in 
amppres  of  the  current  passing,  and  Y  the  mean  P.  D.  in 
volts  between  the  terminals,  and  this  product  cannot  ex- 
ceed about  5,000,  the  greatest  work,  in  foot  pounds  per 
minute,  that  a  man  can  do  in  turning  the  machine.  Hence, 
although  brilliant  sparks  and  powerful  shocks  can  be  [nto- 
duced  with  such  a  machine,  we  cannot  expect  thi^  it 
will  produce  any  visible  decomposition  in  a  voltameter 
used  to  join  its  terminals,  or  that  it  will  cause  a  de- 
flection of  the  needle  of  even  a  sensitive  galvanometer. 
A  galvanic  cell*  of  small  resistance  can  produce  a  cur- 
rent of  many  amperes  through  a  small  external  resist- 
ance, and  yet  can  only  produce  a  maximum  P.  D. 
of  a  volt  or  two,  whereas  an  influence  machine  is,  to  a 
certain  extent^  like  a  very  large  number  of  cells  in  series, 
each  cell  having  a  very  high  resistance,  for  sach  a  bat- 
teiy  can  produce  a  very  high  P.  D.  between  its  terminals 

*  The  Hrikinp  dutanee  is  the  distance  that  separates  two  oonduo- 
tors  when  a  qpa»  i>  darted  between  tiiem.  To  maintain  a  contmuons 
'*  dectrie  are  ^  between  two  oonductors  requires  a  maoh  smaller  P.  D. 
thai)  to  start  a  spark  between  them  ;  for  example,  to  maintain  an  ic 
one  inch  long  between  two  carbon  rods  only  requires  a  P.  D.  of  about 
llSvoltsif  thecaibonsbehard,  andalessP.  D.  tftheybesoft  {See 
"TfaeBesistanceof  theEleotrieAra"  PAO.  Ar<v.>  Maj,  1883.)  Hence 
in  all  "  are  lamjm  "  there  must  be  some  mechanism  for  first  bringing 
the  carbcms  into  contaot,  to  start  the  are,  and  then  separating  them. 
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if  they  be  msnlated,  bat  only  a  Tory  weak,  steady  cnirent^ 
even  if  its  terminals  be  joined  together  witL  a  short 
thick  piece  of  wire,  and  the  battery  short^circaited. 
The  low  resistance  cell  is  in  fiust  analogous  with  a  large 
thallaw  reservoir  of  water  which  is  constantly  kept  filled 
with  a  big  supply  tap,  while  an  influence  machine  with 
the  balls  at  some  distance  apart  is  analogous  with  a  very 
UMf  very  narrow  tube,  into  which  water  slowly  but 
steadily  Prickles,  If  a  tap  at  the  side  of  the  former  be 
opened  and  left  open,  there  will  be  a  large^  eUady  stream 
of  water,  but  the  dietcmce  thrcugh  wkidi  the  stream  wiU 
sipfwrifrwn  the  side  of  the  reservoir  wHl  be  small,  whereas 
if  a  tap  at  the  side  of  the  taU,  narrow  tube,  near  the 
bottom,  be  opened,  the  vxUer  mil  spwri  out  throttgh  a 
distance  ofmam,y  feet^  but  the  slaream  will  rapidly  fall  off 
as  the  tube  empties,  and  the  spurt  can  only  be  repeated 
by  keeping  the  tap  at  the  bottom  of  the  tube  closed, 
while  the  tube  is  refilling. 

The  distance  at  which  the  balls  of  an  influence 
machine  are  separated^  determines  the  maxLmwm  P.  D. 
that  can  be  set  up  between  the  dischaigiDg  rods,  or  be- 
tween any  two  conductors  connected  with  them ;  henoe, 
by  placing  the  balls  at  a  given  distance  apart,  and  then 
turning  the  machine  until  a  spark  Ib  just  going  to  pass 
between  them,  we  know  approximately  the  P.  D.  set  up 
between  two  conductors  connected  with  them. 

197.  Dry  Pile. — ^When  it  is  desired  to  maintain  a 
high  P.  D.  between  two  conductors  that  are  well  insu- 
lated from  one  another,  as,  for  example,  the  outside  of 
an  electrometer,  and  the  needle  inside  {see  §  75,  page 
1 30),  a  battery  consisting  of  a  large  number  of  cells  in 
series,  each  cell  having  a  high  resistance,  may  be  em- 
ployed, since,  as  the  resistance  external  to  the  battery  is 
infinite,  the  P.  D.  at  its  terminals  will  be  simply  the 
E.  M.  F.  of  the  battery,  no  matter  how  high  may  be -the 
resistance  of  each  cell.  Pig.  147  shows  a  section  of  saoh 
a  battery,  consisting  of  a  large  number  of  small,  simple 
voltaic  elements,  joined  up  in  series.     The  liquid  part 
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of  each  cnll  ma;  be  m&de  smaller  and  Hmaller  wilJioat 
afiecting  the  P.  D.  at  the  terminals  of  the  battery,  pro- 
vided that  it  ia  not  required  to  send  any  current,  and  it 
may  be  reduced  to  simply  the  moisture  which  exists  in 
ordinary  paper  when  exposed  to  the  air.  In  that  case 
the  anc  and  copper  plates  nay  be  pieces  of  metallic  foil 
stack  on  to  the  two  sidea  of  each  piece  of  paper,  or  the 
cell  may  be  formed  simply  of  a  piece  of  paper  with  a 
little  powder  mbbed  on  e&ch  eida     In  Zamboni'B  con- 


straction  of  a  dry  p&e,  sheets  of  paper  are  prepared  by 
pasting^Wy  lammaUd  ziiie  or  tin  on  one  side,  and  rub- 
bing inaiiganete  peroxide,  or  what  is  sometimes  called 
blaek  oxide  of  ntangtmege,  oa  tiie  otixer.  Discs  are  punched 
out  of  this  paper,  and  soTeral  hundred  of  them  are  piled 
up  into  a.  column,  with  their  similar  sides  all  facing  the 
same  way,  innide  a  glass  tube  t  t  (Fig-  148),  which  has 
been  carefnlly  coated  inside  and  oat  with  shell-lac 
ramish.  The  discs  are  kept  in  contact  with  one  another, 
and  electric  connection  is  made  with  the  two  ontside  ones 
by  their  being  pres^sed  between  the  brass  plate  P  and 
the  brass  cap  b,  cemented  to  the  bottom  of  the  tube. 
The  plate  p  is  pressed  down  by  the  wire  w,  which  is  held 
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in  pontdcm  by  k  small  pincduiig  screw  s  (Fig.  149),  which 
fiiM  it  in  a  collar  c  soldered  to  the  inside  of  the  other 
hnm  cap  A,  whidi  Utter  is  cemented  to  the  tnbe  at  the  t«|>. 
The  dry  pile  may  be  conreniently  hung  hj  one  of,  its 
terminal  wites  from  the  oatside  of  the  Edehiium  ekctro- 
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meter  seen  in  Fig.  48,  page  132,  and  its  lower  wire  con- 
nected with  the  wiro  p  of  the  electrometer.  Although 
the  pile  will  bring  iiny  two  insulated  bodies  attached  to  its 
ends  to  a  fixed  P.  D.,  its  reaistiuice  is  too  high  to  enable 
it  to  instantly  supply  the  electricity  neceBsary  to  do  this  if 
the  capacity  of  one  of  the  bodies  be  suddenly  changed, 
therefore,  to  avoid  the  capacity  of  the  brass  end  of  the 
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pile,  which  is  electrically  connected  with  p,  being  suddenly 
increased  by  some  conductor  in  connection  with  the  earth 
being  brought  near  it^  which  would  have  the  effect  of 
momentarily  lowering  the  potential  of  this  end,  and  there- 
fore of  the  electrometer  needle  attached  to  it,  it  is  desir- 
able to  enclose  the  pile  in  a  brass  tube  tt  oi  somewhat 
larger  diameter  than  the  glass  one,  and  to  support  the  pile 
inside  this  metal  ^^  guard  tube/*     This  may  be  done  by 
iixing  the  end  of  one  of  the  terminal  wires  by  a  pinching 
screw  «  to  a  collar  c,  soldered  to  the  outside  of  the  end  of 
the  guard  tube  as  seen  in  section  in  Fig.  149.     The  brass 
cap  B  at  the  bottom  of  the  pile  forms  a  condenser  of 
fixed  capacity  with  the  brass  tube,  and  must  not,  of  course, 
even,  momentarily,  touch  this  tube.     The  whole  apparatus 
may  then  be  conveniently  supported  from  the  outside  of 
the  electrometer,  by  placing  a  lug  L  projecting  from  the 
metal  top  of  the  guard  tube,  uiider  the  clamping  nut  n 
of  one  of  tlie  levelling  screws  of  the  electrometer  (Fig.  1 49). 
A  dry  pile  is  much  more  simple  and  compact  than  a 
battery,  consisting  of  some  hundi*eds  of  cells,  but  expe- 
rience shows  that  when  considerable  accui-acy  is  desired, 
it  is  better  to  use  some  form  of  battery  (such  as  that 
illustrated  in  Fig.  147,  for  example)  than  a  dry  pile  to 
keep  the  electrometer  needle  charged. 
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Eleotro-magnetio  Oontrol  Meters— 206.  Teiting  Ammeters— ^207. 
Test  for  Aoomraoy  of  the  Graduation— 206.  Test  for  Residiul  Mag- 
netism— ^209.  Test  for  Eiror  on  Reversing  the  Coirent— 210.  Test 
for  Error  Produced  bj  External  Mwnetic  Distorbanoe — ^211.  Test 
for  Permanent  Alteration  of  Sensibuitj— 212.  Testing  Voltmeten 
— 21S.  Testfor  Aoomraoy  of  the  Qradoation— 214.  lAtimer  Glaik's 
Cell— 215.  Standard  Daniell's  Cell— 216.  Test  for  Heating  Error 
—217.  Variation  of  the  Semdbili^  of  a  Galyanometer  with  its 
Resistance — 218w  Rate  of  Production  of  Heat  in  GSalvanometer 
Coils— 219.  Standard  Voltmeter— 220.  Cardew's  Voltmetei^22L 
Commutator  Ammeter  and  Voltmeter— 222.  Calibrating  a  Com- 
*  mutator  Ammeter— 228w  Calibrating  a  Commutator  Voltmeter 
— ^224.  Best  Resistance  to  QiTc  to  a  Galvanometer. 

Commercial  instruments  for  the  cuscurcUe  direct  measure- 
ments of  amperes  and  volts  are  quite  as  important  as 
boxes  of  resistance  coils  accurately  graduated  in  ohms  ; 
but  while  the  construction  of  resistance  coils  has  engaged 
the  attention  of  manufacturers  for  the  last  twenty  years, 
it  is  only  since  about  1880  that  the  construction  of  com- 
mercial ammeters  and  voltmeters  has  been  considered. 
This,  combined  with  the  fact  that  it  is  far  more  easy  to 
construct  a  coil  of  wire  that  will  have  a  perfectly  con- 
stant resistance  at  a  fixed  temperature,  and  even  a  fairly 
constant  resistance  within  a  considerable  range  of  tern- 
])eratiire,  than  a  measuring  instrument  that  will  be  con- 
stant in  its  indications,  makes  it  desirable  to  devote  a 
chapter  to  commercial  ammeters  and  voltmeters. 

198.  Defect  of  Permanent   Magnet  Meters. — ^The 

ammeter?  and  voltmeters  described  in  ^  36,  72,  pages 
73  128,  have  tlie  disadvantage  that,  if  they  be  pliioed  too 
near  a  large  powerful  magnet,  such  as  a  dynamo  machine 
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or  an  electromotor^  not  only  in  the  stren^h  of  the  con- 
trolling field,  and  oonsequentlj  the  aensibility  of  the  in- 
Btmment,  temporarily  yaried,  but  the  permanent  magnet 
of  the  ammeter,  or  voltmeter,  may  have  its  magnetism 
permanenUy  altered,  in  which  case  the  sensibility  of  the 
instrument  will  also  be  permanently  altered  without  the 
user  being  in  many  cases  aware  that  any  such  change  has 
taken  place. 

To  avoid  the  possibility  of  tliis  very  serious  error 
arising,  the  permanent  magnet  must  be  dispensed  with, 
and  the  controlling  force  produced  in  some  other  way. 
Three  forms  of  controlling  force  not  produced  by  perma- 
nent magnets  have  been  made  use  of,  namely  : — 

1.  The  pull  of  a  spring ; 

2.  The  attraction  of  gravity  ; 

3.  The  attraction  of  an  edectro-magnet  temporarily 
magnetised  by  the  whole  or  a  portion  of  the  current  to 
be  measured. 

Spriko  Oontbol  Meters. 

199.  Siemens'  Eleetro-Dynamometer. — Probably  the 
oldest  form  of  commercial  current  measurer,  employing 
a  spring  to  produce  the  controlling  force,  is  **  Siemeru^ 
eleetriy-dh^namometery'*  shown  in  perspective  in  Fig.  150, 
and  symbolically  in  Figs.  151  and  152.  It  consists  of  a 
fixed  coil  A  BOD  (Fig.  151),  and  a  movable  coil  bfo, 
which  latter  is  frequently  made  of  a  single  stiff  wire.  The 
current  passes  round  the  fixed  coil  and  through  the 
movable  coil  or  wire  in  series,  electric  connections  with 
the  two  ends  of  the  latter  being  maintained  by  their  dip- 
ping into  mercury  cups  mm'  (Fig.  151). 

The  movable  coO  is  suspended  by  a  thread  and  by  a 
delicate  spiral  spring  h  (Fig.  151),  which  latter  can  be 
twisted  by  turning  the  milled  head  t  (Figs.  151  and  152) 
through  an  angle,  which  is  measured  by  the  pointer  n 
attached  to  the  head  t,  turning  over  a  scale  gradu- 
ated in  degrees,  or,  instead,  in  400  equal  divisions, 
and  seen  in  Fig.    152.      The   instrument  having  been 
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levelled  by  means  of  the  plamb-linB,  seen  to  tlie  rigbt 
of  Fi^  IffO,  the  head  t  is  turned  nntil  the  plane  of  t^e 
movable  coil  I  F  o  is  at  right  angles  to  that  a(  the  fixed 
coil  A  D  c  D,  which  is  indicated  l^  the  pointer  F  attached 
to  the  movable  ceil  (Figs.  151  and  152)  coming  <^poate 


Flt.ua. 

the  0°  on  the  dial.  Should  the  pointer  u  not  now  also 
point  to  the  0°,  a  small  pinching  screw  which  clamps 
the  pointer  h  to  the  head  t  is  loosened,  and  ■  is  turned 
to  the  0°  withoQt  turning  the  milled  head  t,  or  twisting 
the  spring  s.  If  a  current  be  sent  through  tbe  instru- 
ment entering  at  the  left-hand  binding  screw  (Fig.  151), 
and  following  the  path  ABcnmsFO m',   and  leaving 
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tlierefore  by  the  riglit-lund  buiding  K^rew,  the  morable 
coil  tarns,  tetiding  to  place  its  plane  parallel  with 
that  <^  the  fixed  ooil,  nntil  the  point«r  f  cornea  up 
against  the  right-band  stop  s  (Fig.  162).  On  turning  tlM 
bead  T,  and  the  pointer  m  attached  to  it,  through  an  angle, 
saj,  of  60°,  p  can  be  again  brought  to  0°.  The  couple 
exerted  between  tbe  coils  is  balanced  bj  the  couple 
exerted  by  the  twisted  spring,  and  tbe  nxHuent  of  the 


latter  is  proportional  to  the  angle  through  which  h  has 
been  turned. 

To  compare  the  current  now  passing  through  tbe 
dynamometer  with  some  other  current,  exactly  the  Bame 
adjustment  is  made  when  the  other  current  is  passing, 
and  since  the  movable  wire,  or  coil,  ia  always  brought 
back  to  the  Bame  potUion  relatively  to  the  fixed  one,  the 
couple  exerted  between  the  coils  is  propoi-tional  simply 
to  the  product  of  the  current  passing  through  one  coil 
into  the  oarrent  passing  through  the  other — that  is,  to 
the  tquare  of  the  current  passing  through  them  in  leriea. 
Hence,  the  angle  through  tehioh  k  has  to  be  turned  from 
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the  zero  poMtm  to  bring  the  poinA&r  p  lo  O^i  tt  propor* 
fional  to  the  square  of  the  eurrmU. 

In  the  actual  instnunent^  as  seen  in  Fig;  150,  there 
are  two  fixed  deflecting  ooiIb  having  a  different  number 
of  convohitiona,  and  either  of  which  oan  be  employed 
bj  using  the  middle  and  the  right-hand  binding  screw,  or 
the  middle  and  the  left-hand  ona  The  two  coils  hays 
usually  the  one  about  five  times  as  many  convolutions  as 
the  other,  so  that  the  sensibility  of  the  instrument  when 


using  the  one  is  about  five  times  as  great  as  when  using 
the  other. 

The  advantages  of  this  instrument,  in  addition  to  the 
one  already  mentioned  that  it  contidns  no  permanent 
magnet,  are  : — First,  since  the  fixed  and  moving  parts 
between  which  the  electric  attraction  is  exerted  always 
occupy  exactly  the  same  poeUion  relatively  to  one  another 
when  an  observation  is  being  made — ^that  is,  since  the 
dynamometer  is  a  ^^zero  instrument " — one  experiment  is 
all  that  it  is  necessary  to  make  to  enable  the  graduation 
of  the  whole  scale  to  be  effected  with  great  accuracy, 
since  the  law  of  the  instrument  is  known  exactly^  arising 
from  the  fact  that  as  long  as  two  wires  occupy  exactly 
the  same  relative  positions  the  force  exerted  by  each  on 
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the  other  is  directly  proportional  to  the  product  of  the 
currents  passing  through  them  respectiyely ;  second,  this 
dynamometer  can  be  used  with  considerable  accuracy  to 
measure  an  aUemaUng  current — that  is,  one  the  direc- 
tion of  which  undergoes  rapid  reversals,  since  the  direc- 
tion of  the  current  in  both  the  moving  and  stationary 
coils  wiJl  be  reversed  simidtaneously,  and  the  force  be- 
tween them  will  therefore  remain  the  same  as  before  the 
reversal. 

The  disadvantages  of  the  Siemens'  dynamometer  are : 
^First,  the  instrument  being  one  in  which  the  moving 
coil  has  always  to  be  brought  to  zero,  cannot  show  at 
once,  without  adjustment^  the  strength  of  a  current,  and 
as  a  little  time  is  necessary  to  enable  Uiis  adjustment  to 
be  made,  the  instrument  cannot  be  used  for  measuring 
sudden  variations  in  the  strength  of  a  current ;  second, 
owing  to  the  moment  of  inertia  of  the  suspended  coil 
being  rather  large,  the  instrument  is  not  dead-beat; 
third,  the  readings  are  much  affected  by  neighbouring 
magnets,  or  wires  conveying  currents  ;  indeed,  the  wires 
leading  the  current  into  and  out  of  the  dynamometer 
must  be  carefully  twisted  together,  so  that  their  mean 
distance  from  the  moving  ooil  may  be  the  same,  and  the 
action  of  the  current  in  the  one  leading  wire  balanced  by 
the  action  of  the  equal  and  opposite  current  flowing  in 
the  other ;  further,  as  the  suspended  coil  when  traversed 
by  a  current  is  acted  on  by  the  earth's  magnetism,  the 
instrument  must  always  be  placed  so  that  the  plans 
of  the  suspended  coil,  when  t  ia  B.t  0°,  is  at  right  angles  to 
ihe  plane  of  the  ea/rttis  magnetic  meridian,  since  ^is  is 
the  position  in  which  the  coil  desires  to  place  itself  as 
far  as  the  action  of  the  earth's  magnetism  is  concerned 
when  a  current  is  passing  through  it;  fourth,  as  the 
instrument  must  be  placed  in  this  particular  position 
before  use,  also  as  it  must  be  levelled  and  mercury  poured 
into  the  cups  m  and  m'  (Fig.  151)  if  it  has  been  spilt 
when  the  instrument  is  carried  about,  it  is  not  very 
portable ;  fifth,  the  movable  ooil  being  quite  uncovered. 
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is  blown  about  l^  draoghts  of  air,  and  the  spruoig  is 
liable  to  be  aocidentallj  damaged  bj  things  being  knocked 
against  it ;  sixth,  the  scale,  being  graduated  in  degrees, 
or  arbitrary  divinons^  is  not  direct-reading ;  and  lasUj, 
the  instrument  gives  no  indication  of  the  direcUon  of 
ike  current^  which,  in  electroplating,  electrotyping,  the 
charging  of  accumulators,  &c.f  is  as  important  as  the 
strength  of  the  current. 

Shortly,  therefore,  we  may  say  that  the  Siemens^ 
dynamometer  iB  an  extremely  valuable  gtancUird  instru- 
ment when  it  can  be  kept  and  used  in  a  fixed  position  in 
a  laboratory  far  away  from  all  moving  magnets,  or  wires 
in  which  strong  currents  are  passing,  &a,  and  its  con- 
stant experimentaUy  determined  in  tiuit  fixed  position ; 
but  for  a  portable  instrument  to  be  carried  about  in  a 
workshop  or  room  containing  dynamos  in  motion,  and 
used  wherever  required,  there  are  other  instruments 
more  convenient. 

200.  Cunynghame'8  Ammeter  and  Voltmeter. — 
These  zero  instruments  ave  a  modification  of  the  Siemens' 
dynamometer,  an  electro-magnet  be  (Fig.  154)  being 
substituted  for  the  stationary  deflecting  coiJ,  and  a 
pivoted  soft  iron  needle  v  (Figs.  153  and  154)  for  the 
movable  one,  the  magnetic  axis  of  the  needle,  as  seen 
in  Fig.  153,  which  shows  a  sectional  plan  of  the  in- 
strument, making  an  angle  of  about  30°  with  the  line 
joining  the  poles  ff  of  the  electro-magnet,  when  a 
pointer  attached  to  the  moving  needle  is  at  0°.  The 
eoft  iron  core  c  c  of  the  electro-magnet^  seen  in  sectional 
elevation  in  Fig.  154,  is  made  massive^  in  order  that  a 
considerable  magnetic  force  may  be  produced  by  it  for  a 
compaiatively  small  magnetic  action  of  the  current^  be- 
cause experiment  shows  that  when  the  oorR  of  an  electro- 
magnet is  only  slightly  magnetised^  the  strength  of  the 
magnet  is  directly  proportional  to  the  current^'  the  strength 
of  the  magnet  being  measured  by  the  force  with  which  it 
attracts  or  repels  one  end  of  a  hard  steel  permanent 
magnet,  put  in  a  given  position  relatively  to  the  electro- 


magnet ;  wbereaa  if  the  nia^etic  action  of  the  coil  be 
great,  the  soft  iroa  core  becomee  "  tatv^ated,''  and  its 


etrength  hardly  increanea  with  an  increase  in  the  current 
The  Boft  iron  needle  ia  magnetised  inductively  by  the 
electro-mafpiet,  and  for  a  given  relatiTe  position  of  the 
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two  the  amount  of  magnetism  induced  in  the  uron  needle 
will  be  directly  proportional  to  the  strength  of  the  electro- 
magnet, provided  the  needle  is  so  mastive  that  it  is  ^ 
from  being  "laturated"  (««  p^^  388).  Under  theae  dr 
cumst&noes  the  couple  exerted  by  tAe  eluctro-magrtet  on  tht 
needle  mill  be  proportional  to  *Ae  sqttare  of  the  current 


This  couple  is  balanced  by  the  twist  given  to  the  spiral 
spiing,  as  in  the  Siemens'  dynamometer,  and  therefore  is 
also  proportional  to  the  angle  through  which  the  pointer  M, 
attached  to  tlie  milled  head  T,  has  been  turned.  Aa  long, 
therefore,  as  we  are  dealing  with  currents  not  atrongenough 
to  saturate  the  iron  core  and  the  iron  needle,  the  angle 
through  which  the  pointer  attached  to  the  milled  head  has 
to  be  tamed  to  bring  the  pointer  attached  to  the  moving 
needle  to  0°  ia  proportional  to  the  square  of  the  cuirent 
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The  scale  is,  therefore,  graduated  not  in  degrees,  but  in 
numbers  proportional  to  the  square  roots  of  the  number 
of  degrees,  and  the  adjustable  pole-pieoes  F  F  enable  the 
instruments  to  be  made  direct-reading  {see  §  37,  page  76). 
The  wires  leading  the  current  to  and  from  the  instrument 
are  fastened  to  the  binding  screws  bb  (Fig.  153). 

The  advantages  of  this  type  of  instrument  are : — 
First,  the  controlling  force  not  being  produced  by  a  per- 
manent magnet,  the  sensibility  cannot  be  permanently 
changed  by  placing  the  instrument,  near  a  powerful 
magnet ;  second,  its  indications  are  but  little  affected  by 
an  outside  magnet,  as  the  mass  of  soft  iron  in  the  core 
and  pole-pieces  of  the  electro-magnet  shields  the  needle 
to  a  great  extent  from  external  magnetic  disturbance  (see 
§  52,  page  102) ;  third,  it  is  direct-reading ;  fourth,  it  is 
dead  beat ;  fifth,  it  has  no  mercury  cups,  does  not  require 
levelling,  can  be  used  in  any  position,  is  not  likely  to  be 
damaged,  as  the  pointers  and  spring  are  all  boxed  in ; 
and  hence  the  Cunynghame  instruments  are  very  portable. 

The  disadvantages  are : — Firsts  being  a  zero  instru- 
ment, an  adjustment  has  to  be  made  before  the  value  of  a 
current  can  be  read,  and  therefore  the  magnitude  of  sudden 
changes  in  a  current  cannot  be  measured  ;  second,  it  can 
ouly  be  used  to  measure  currents  in  one  direction ;  third, 
in  spite  of  the  mass  of  iron  the  current  is  not  quite  pro- 
portional to  the  square  root  of  the  angle,  and  therefore 
the  I'eadliig  is  a  little  too  small  for  large  currents  {iee 
§  208,  page  401) ;  fourth,  in  consequence  of  '^  residual 
viagnUiam;'*  the  value  of  a  current  corresponding  with 
u  pai-ticular  reading  depends  somewhat  on  whether  the 
currents  previously  passing  through  the  instrument  were 
larger  or  smaller  than  the  one  being  measured  {see  §  208, 
page  401 ) ;  fifth,  in  consequence  also  of  residual  magnetism, 
a  reverse   current  sent  for  a  short  time  through   the 


i( 


^Buidual  maffnetiam*'  b  the  name  ^ven  to  the  xnagnetiam  that 
remaiiu  in  a  subttanoe  after  the  magnetiamg  force  has  ceased.  With 
very  soft  iron  the  amount  of  renmial  magnetism  is  small,  whereas 
with  hard  steel  it  is  very  laige. 
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instrument  ilitnininlipn  the  sabsequent  indicatioxiB  for  small 
direct  currents  {see  §  209,  page  l03). 

Shortly^  therefore,  we  may  saj  that  while  the  instm- 
ment  has  not  an  eoDoct  law,  and  cannot,  therefore,  like  a 
Siemens'  dynamometer,  be  used  as  a  standard  installment, 
it  is  far  more  convenient  for  general  use  in  the  workshop 
and  m  an  electric  lighting  establishment. 

201.  Instruments  with  Magnifying  Gearing. — ^We 
have  seen  (§  20,  page  46)  that  if  all  the  deflections  of  a 
galvanometer  are  smdU,  the  deflections  will  be  direcUy 
proportional  to  the  current  whatever  be  the  shape  of  the 
coil  and  needle ;  hence,  attempts  have  been  made  by  M. 
Deprez  to  use  a  form  of  portable  current  galvanometer, 
in  which  the  needle  could  only  deflect  through  a  small 
angle,  and  to  magnify  this  deflection  by  attaching  the 
pomter  to  a  small  grooved  pulley  geared  by  a  flne  end- 
less thread  to  a  much  larger  grooved  wheel  attached  to 
the  needla  A  similar  result  has  been  attained  by  the 
author  by  using  instead  of  the  small  and  large  grooved 
wheels  a  small  toothed  wheel,  or  pinion,  attached  to  the 
pointer,  and  a  larger  toothed  wheel  to  the  axle  or  staff  of 
the  needle.  Such  contrivances,  however,  for  magnifying 
the  motion  by  means  of  pivoted  gewring  cannot  be  recom- 
mended, as  they  introduce  friction  as  well  as  add  to  the 
moment  of  inertia  of  the  moving  parts,  and  so  diminish 
the  dead  beat  character  of  the  apparatus.  These  diffi- 
culties, however,  have  been  overcome  in  the  following 
apparatus  : — 

202.  Magnifying  Spring  Ammeter  and  Voltmeter. 
— In  these  instruments,  devised  by  the  author,  a  special 
form  of  spring  is  employed,  shaped  like  a  narrow  shaving 
curled  up  into  a  cylinder  of  very  small  diameter  (Fig. 
155).  Such  a  spring,  quite  unlike  an  ordinary  spiral 
spring,  has  the  peculiarity  that  for  a  9mM  inoreage  in 
length  along  the  axis  t/iere  is  large  rotation  of  one  end  of 
the  spring  relatively  to  the  other,  Hie  angle  of  rotation 
being  directly  proportional  to  the  aadal  extension.  Hence, 
if  one  end  of  the  spring  be  fixed  and  the  other  be  slightly 
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pnlW  axially,  a  pointer  attached  to  this  end  will  turn 
through  a  hu^  angle,  and  so  will  measure  in  a  very 
magnified  way  the  axial  extension  of  the  spring,  without 
the  employment  of  a  rack  and  pinion,  or  of  levers,  or  of 
any  otiier  minifying  arrangement, 
and  without,  therefore,  the  coat  or 
the   friction    attending  the   use  of 
such  magnifying  arrangements. 

The  inetrument  ia  shown  in  Fig. 
156,  where  tt  is  a  thin  tube  of 
charcoal  iron,  attached  at  its  lower 
end  to  a  brass  eap  r,  terminated  in 
a  brass  pin  p,  guided  ut  the  bottom 
in  tlie  way  shown.  To  0  is  attached 
the  lower  end  of  the  spring  s  (made 
of  hani  phosphor-bronze),  the  upper 
end  of  which  is  attached  rigidly  to 
a  brass  pin  p,  passing  through  a  hole 
in  the  glass  top  of  the  apparatus 
G  G,  and  fastened  by  means  of  a 
screw  and  nut  to  the  brass  milled 
head  h  outside  the  glass  top.  This 
pin  p,  tn  which  the  upper  end  of  tbe 
spring  is  attached,  also  serves  as  a  Fig.  us. 

guide  to  the  top  of  the  iron  tube. 
In  the  space  w  w  a  "tolenoid"  •  wire  or  strip  is  wound, 
its  ends  being  attached  to  the  terminals  shown.  Hence, 
when  a  current  is  passed  through  this  solenoid,  the  iron 
tube  is  sucked  down  into  the  solenoid,  and  its  lower  end 
c,  to  which  the  spring  is  attached,  receives  a  large 
rotatory  motion,  which  is  communicated  directly  to  the 
pointer  attached  to  the  top  of  the  iron  tube.  Parallax, 
in  taking  readings  of  the  poiiit«r,  is  avoided  by  the 
horizontal  scale  having  a  piece  of  looking-glass  let  in  it 
in  the  well-known  way.     (See  §  13,  page  28.) 

By  making  the  iron  tube  tt  very  thin,  so  that  it  is 
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"  magitetiaally  taturaled  "  for  a  comp&mtively  weak  ciii-- 
rent — that  ia,  bo  that  a  current  passing  round  the  coiU 
much  we^er  than  the  instrument  is  int«nilf^  to  meaairr' 


Fig.  laS. 

ia  able  to  im{>art  to  the  iron  as  much  uiagnetisni  as  it  it 
possible  for  any  current  to  gire  to  it — also  by  fixing  the 
iron  tube  ao  that  it  projecta  into  the  solenoid  a  definiti; 
distance,  which  has  been  carefully  determined,  partly  by 
calculation  and  partly  by  experiment,  and  lastly  by  con- 
Btructing  the  spring  so  as  to  produce  a  laige  rotation 
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with  the  miniinuin  pull,  and  with  not  too  much  axiftl 
motion  of  the  free  end  of  the  spring,  deflections  up  to 
270°  con  be  obtained  directly  proportional  to  t/ie  current^ 
excepting  for  the  first  15%  where  the  scale  is  not  gra- 
duated. 

Thin  instrument  being  direct-reading  has  to  be  pro- 
vided with  an  adjustment  for  sensibility,  and  this  is  ob- 
tained jMirtly  by  the  amount  of  wire  or  strip  that  is 
wound  on  the  bobbin,  and  partly  by  means  of  a  small 
movable  bobbin,  wound  with  a  coil  of  fine  wire  of  the 
same  length  as  that  employed  in  winding  the  main  coil, 
joined  up  in  [>arallel  with  the  main  coil.  This  movable 
coil  slides  up  and  down  on  the  main  bobbin,  and  by 
trial  a  position  is  found  for  it  such  that  the  readings 
on  the  dial  are  correct,  and  in  that  position  this 
auxiliary  coil  is  permanently  fixed  by  the  maker  of  the 
instrument. 

The  pointer  will  deflect  in  the  same  direction,  no 
matter  which  way  the  current  passes  through  the  in- 
strument, and  owing  to  the  softness  of  the  iron  used  in 
making  the  tube  T  t,  and  the  smallness  of  its  mass,  there 
is  but  very  little  residtcal  magnetism  left  in  it ;  hence 
the  pointer  indicates  the  correct  strength  of  the  current, 
no  matter  which  way  it  passes  through  the  instiiiment 
To  ascertain  the  direction  of  the  current,  a  small  compass 
needle  is  let  into  the  base  of  the  instrument,  as  seen  in 
Fig.  156,  which  is  deflected  when  the  curi'ent  | masses 
through  the  instrument  in  such  a  way,  that  when  the  blue- 
coloured  end  of  the  compass  needle  points  inwards,  the 
current  enters  at  that  one  of  the  binding  screws  that 
has  an  A  marked  on  it,  the  nearer  binding  screw  in  this 
figure. 

As,  however,  experience  shows  that  the  compass  needle 
may  have  its  magnetism  reversed  by  a  sudden  very  strong 
current  sent  through  the  ammeter  (in  spite  of  the  needle 
being  surrounded  by  iron  to  partially  ^ield  it  from  the 
action  of  the  current),  and  as,  in  addition,  its  position  can- 
not be  very  easily  seen  by  an  observer  unless  close  to  the 


390  PRACTICAL   ELBCTBICITT.  [Chap.  YIIl. 

tnstromenty  the  direction  of  tbe  ciirrentB  in  the  latest 
magnifying  spring  instruiAients  is  indicated  by  a  mucli 
larger  magnet,  suspended  on  a  horizontal  axis  in  front 
of  the  instrument,  which  points  to  the  1ni.ding  screw 
at  which  the  current  enters. 

The  advantages  of  this  instrument  are : — ^First,  owing 
to  the  controlling  force  not  being  produced  by  a  perma- 
nent magnet,  the  sensibility  of  the  instrument  cannot  be 
permanently  affected  by  placing  it  near  a  powerful  mag- 
net ;  secondly,  the  sensibility  will  not  be  even  temporarily 
affected,  no  matter  how  strong  this  outside  magnet  may 
be,  provided  that  it.  is  so  far  away  that  tbe  magnetic  field 
is  uniform  throughout  the  small  space  in  which  the  little 
iron  tube  tt  moves  (see  §  15,  page  S6).  For  example, 
although  an  ordinary  compass  needle  is  turned  round  by  a 
uniform  magnetic  field,  there  is  no  force  tending  to  pull  the 
compass  needle  bodily  along,  aa  may  easily  be  proved  by 
floating  a  compass  needle  ^n  a  piece  of  cork  in  a  basin  of 
water,  when  it  will  be  found  that  while  the  needle  will 
place  itself  at  once  so  that  its  axis  points  north  and  south, 
it  will  not  move  towards  the  side  of  the  basin  as  it  would 
if  it  were  pulled  as  a  whole  in  some  direction.  Or  the 
experiment  may  be  tried  thus : — suspend  a  bar  of  unmag- 
netised  hard  steel  by  one  of  its  endis  from  the  pan  of  a 
delicate  balance,  so  that  the  bar  hangs  vertically  down- 
wards, and  weigh  it,  then  magnetise  the  bar,  and 
weigh  it  again,  when  it  will  be  found  that  its  weight  is 
neither  increased  nor  diminished  in  the  slightest  by  the 
magnetic  action  of  the  earth.  This  fact  is  expressed  by 
saying  that  a  un^orm  magnetic  field  can  prodtuse  a 
motion  of  rotatum,  but  not  a  motion  of  translation  of  a 
magnet  Now,  the  magnet  that  is  moved  in  the  magni- 
fying spring  instrument  is  the  soft  iron  tube  T  t,  which 
has  a  north-seeking  pole  induced  on  its  lower  end,  say, 
and  a  south-seeking  pole  on  its  upper  end,  or  vice  vered^ 
by  the  current  passing  ix>und  the  coil  of  wire  or  strip, 
and  this  tube  is  simply  pulled  downwards  by  the 
attraction  of  the  current  passing  round  this  coiL    Henca 
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this  pulling  action  is  neither  increased  nor  diminished  by 
the  magnetic  action  of  the  earth,  nor  by  the  action  of 
any  magnet^  no  matter  how  strong  it  may  be,  if  the  field 
it  produces  is  uniform  over  the  space  in  which  the  iron 
tube  moves ;  second,  by  using  the  magnification  introduced 
by  the  special  form  of  spring,  the  distance  moved  through 
by  the  attracted  iron  tube  is  not  large,  so  that'  the  in- 
strument has  much  of  the  advantage  of  a  zero  insiramerU 
(see  §  199,  page  380),  that  is,  the  force  depends  simply 
on  the  current,  and  is  practically  unafiTected  by  the 
motion  of  the  attracted  soft  iron  tube.  This,  combined 
with  the  small  mass  of  iron,  causes  the  increcue  of  force 
to  be  directfy  proportioned  to  the  vncrease  ofcwrrenL  The 
scale  is  therefore  long^  and  the  distances  corresponding 
with  a  given  fraction  of  an  ampere  or  of  a  volt  are 
equal  throughout  the  whole  length  of  the  scale,  which 
not  only  facilitates  the  manufacture  of  the  scale,  but 
greatly  increases  the  power  of  estimating  by  eye 
the  decimal  parts  of  a  division.  Hence,  a  current,  or 
a  P.  D.,  can  be  read  to  a  very  small  fraction  of  its  total 
value. 

The  main  disadvantage  of  the  instrument  is  that 
currents  or  P.  Ds.  less  than  about  one-fifbh  of  the 
maximum  current  or  P.  D.  that  the  instrument  is  in- 
tended to  be  used  for  cannot  be  measured^  since  for 
currents  under  this  value  the  iron  tube  is  not  mag- 
netically saturated. 


GnAvrrY  Contiiol  Mkters. 

20S.  Oravity  (Control  Meters.  —  Instruments  in 
which  the  controlling  force  is  produced  by  a  weight  at- 
tached to  the  nee<He  have  been  devised  by  Sir  William 
Thomson,  Messrs.  Schuckert^  Edelmann,  Statter,  and 
others. 

The  advantages  of  such  instruments  are  :  first,  as  the 
Icontrolling  force  is  absolutely  oonstantf  the  sensibility  ol 
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tibe  ibfltmnient  cannot  vary  firom  tune  to  time  onaooomit 
of  a  variation  in  the  foice;  aecxnd^  the  price  ia  low, 
arising  from  the  simplicity  of  constmction. 

The  disadyantages  are :  first,  the  readings  usually  are 
easily  varied  hy  extnmeoDS  magnetic  disturbance ;  second, 
there  is  generally  a  certain  want  of  quickness  of  action, 
ao  that  any  small  temporary  change  in  the  strength  of  the 
current  or  P.  D.  that  is  b^ng  measured  is  not  instantly 
recorded.  For  this  purpose  the  needle  and  pointer  must 
not  only  be  very  lights  but  the  controlling  force  must  be 
gi-eat  (tee  §  38,  page  78).  Now,  if  gravity  be  used,  the 
only  way  to  obtain  a  large  controlling  force  is  to  use  a 
large  mass  to  be  attracted,  but  if  a  large  mass  be 
attached  to  the  needle  and  pointer,  the  moment  of  inertia 
will  be  seriously  increased,  and  slow  motion  will  be  the 
result ;  whereas,  by  using  a  powerful  controlling  magnet 
or  a  comparatively  strong  spring,  we  obtain  a  dead-beat- 
ness  so  great  that  the  number  of  times  the  joint  in  ^e 
driving-belt  passes  over  the  dynamo  pulley  can  be  easily 
counted,  every  adjustment  in  the  carbons  on  an  arc  lamp 
he  seen  on  the  ammeter  and  voltmeter,  and  even  the  efkct 
on  an  arc  lamp  produced  by  whistling  may  be  instantly 
observed  on  the  distant  ammeter. 

The  gravity  corUrol  meters  of  Sir  William  Thomson 
not  yet  being  in  common  use,  the  author  has  had  no  ex- 
perience with  them,  and,  therefore,  cannot  speak  of  their 
advantages  or  disadvantages. 


Electro-hagnetio  Control  Mbtebs. 

$}04.  Crompton  and  Kapp'a  Meters. — ^The  third  de- 
vice, which  consists  in  using  for  the  controlling  force  that 
produced  by  an  electro-magnet,  round  whidi  flows  the 
whole  or  a  portion  of  the  current  to  be  measured,  appears 
at  first  sight  to  be  the  best ;  but  it  is  attended  with  very 
serious  practical  ditficultiea  The  possibility  of  using  a 
current  to  deflect  a  needle,  and  the  very  same  current  to 


GlHi9.VUL3       BLECTBO-MAONBTIC  CONTROL   METERS.  393 

resist  its  being  deflected,  without  obtaining  the  same  de- 
flection for  all  currents  (a  result  which  would  occur  if  the 
deflecting  and  controlling  forces  varied  proportionally  to 
one  another  as  the  current  was  increased),  arises  from  the 
fact  that  whereas  the  magnetic  force  exerted  on  a  mag- 
netic pole  at  a  particular  point  hj  a  current  flowing  round 
a  coil  of  wire  is  directly  proportional  to  the  cuiTent,  the 
force  exerted  on  the  same  magnetic  pole  by  the  iron  core 
of  an  electro-magnet  round  which  liie  current  is  flowing 
increases  nearly  proportionately  to  the  current  when  the 
current  is  small,  but  becomes  nearly  constant  for  all 
values  of  the  current  above  a  certain  value,  in  conse- 
quence of  the  magnetic  saturation  of  the  iron  core.  Hence, 
by  using  the  force  due  to  a  coil  without  an  iron  core 
for  the  deflecting  force,  and  the  force  due  to  the  iron 
core  of  the  electro-magnet  for  the  controlling  force, 
Messrs.  Crompton  and  Kapp  have  made  extremely  in- 
genious curi-ent  and  P.  D.  meters,  which  require  the 
employment  of  neither  permanent  magnets,  springs,  nor 
weights. 

The  coil  of  the  electro-magnet  has  a  magnetic  action 
as  well  as  its  iron  core,  and  as  the  former  increases  in 
direct  proportion  to  the  current,  its  action  must  be  neu> 
tralised  if  we  wish  the  controlling  force  to  be  constant. 
This  can  be  done  either  by  the  use  of  a  third  coil  of  a 
suitable  size  and  number  of  convolutions,  placed  in 
such  a  position  that  when  the  current  flowing  round 
the  electro-magnet  also  flows  round  this  coil,  its  action 
exactly  neutralises  that  of  the  electro-magnet  coil,  or,the 
neutralisation  may  be  more  simply  eflected  by  placing  the 
deflecting  coil  in  such  a  position  that  it  is  equivalent  to 
two  coils,  one  the  deflecting  coil,  and  the  other  a  coU 
whose  efiect  neutralises  that  of  the  coU  round  the  electro- 
magnet. 

206.  Paterson  and  Cooper's  Electro  -  magnetio 
Control  Meters. — ^These  are  the  same  in  principle  as  those 
invented  by  Messrs.  Crompton  and  Kapp,  with  the  addi- 
tion of  mavahle  pole-pieces  similar  to    those  shown  in 
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Fig.  25,  page  74,  for  adjusting  the  sensibiHiy  of  the  in- 
strument. 

The  advantage  of  electro-magnetic  control  meters  is 
that,  as  neither  permanent  magnets  nor  springs  are  em- 
ployed in  their  construction,  their  sensibility  cannot  be 
affected  by  variations  in  tiheir  strength,  and  hence  their 
behaviour  from  year  to  year  remains  exactly  the  same^ 

The  disadvantage  arises  from  the  fact  that  as  the 
entire  controlling  force,  corresponding  with  that  produced 
by  the  powerful  permanent  magnet  in  the  apparatus 
shown  in  Fig.  23,  page  70,  for  example,  has  to  be  produced 
by  an  iron  core  of  the  electro-magnet,  the  mass  of  iron 
must  not  be  too  small,  otherwise  any  external  piece  of 
iron  or  magnet  will  affect  the  indications  of  the  instru- 
ment. But  it  is  found  by  experiment  that  unless  the 
von  be  not  only  very  soft,  but  also  be  very  small  in  massj 
th^re  is  considerable  residual  magnetisnij  which  causes  the 
magnetic  force  exerted  by  the  iron  to  depend  not  merely  ou 
the  strength  of  the  current  passing  round  it  at  any  par- 
ticular time,  but  also  on  the  strength  of  the  previous  cur- 
rents, and  this  is  the  case  even  when  the  iron  ia  still  too 
small  to  prevent  very  serious  variations  in  the  reading 
of  the  instruments  being  produced  by  the  preseuce  of  a 
neighbouring  magnet  {see  §  210,  page  407).  The  read- 
ings, therefore,  in  the  lower  part  of  the  scale,  instead  of 
corresponding  with  definite  values  of  the  current^  or  of 
the  P.  D.,  correspond  with  currents  or  P.  Ds.  differing  in 
some  of  these  dectr(H7iagnetic  control  instruments  by  as 
mtfch  as  thirty  per  cent.,  depending  on  whether  it  is  an 
increasing  curi*ent  or  a  decreasing  current  that  is  being 
measured.    {See  §  208,  page  402.) 

20&  Testing  Ammeters. — ^The  faults  to  be  looked  for 
in  an  ammeter,  and  for  which  it  must  be  carefully  tested, 
are : — 

1.  An  error  arising  from  the  ampere-standards  em- 
ployed by  different  makers  differing  from  one  another. 

2.  An    error  arising  from  a  current  producing  a 
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different  deflectioii,  depending  on  whether  the  previous 
enrrents  passing  through  the  instrument  wore  much 
smaller  or  much  larger  than  the  current  being  measured. 

3.  An  error  arising  from  the  instrument  indicating  a 
different  number  of  amperes  for  the  same  current  when  it 
IB  reversed  in  direction. 

4.  An  error  arising  from  the  sensibility  of  the  instru- 
ment being  temporarily  varied  by  external  magnetic  dis- 
turbance. 

5.  An  error  arising  from  a  permanent  alteration  of 
sensibUitj,  due,  for  example^  to  the  demagnetisation  of  a 
steel  magnet. 

S07.  Test  for  Accuracy  of  the  Oraduation. — It  has 
been  explained  in  §  6,  page  11,  tliat  the  standard  ampere 
is  that  which  deposits  O'OOlllSld  grammes  of  silver  per 
second.  Makers  of  commercial  instruments,  however,  do 
not  calibrate  each  ammeter  by  comparing  it  with  a  silver 
voltameter,  but  only  compare  it  with  some  standard 
current  meter  which  has  at  some  previous  time  been  com- 
pared with  a  silver  voltameter,  but  which  may  have 
changed  its  sensibility  in  the  interval  To  check  the 
accuracy  of  any  ammeter,  therefore,  it  is  desirable  to  com- 
pare it  directly  with  a  silver  voltameter,  and  in  Fig.  157 
the  apparatus  is  shown  arranged  for  calibrating  a  magni- 
fying spring  ammeter  A,  in  this  way.  D  is  a  platinum 
dish,  containing  a  25  per  cent,  solution  of  silver  nitrate, 
into  which  is  placed  a  thick  silver  disc  P,  wrapped  in  filter- 
ing paper,  to  prevent  particles  of  oxide  of  silver  which  may 
become  detached  from  the  silver  plate  dropping  on  to  the 
platinum,  and  making  the  weight  appear  to  be  too  greats 
It  is  better  to  use  a  platinum  dish  than  a  silver  one,  be- 
cause the  silver  deposited  at  tho  bottom  of  the  platinum 
dish  can  be  removed,  and  re-formed  into  silver  nitrate  by 
pouring  a  little  nitric  acid  into  the  dish.  This  could  not 
be  done  with  a  silver  dish,  as  the  nitric  acid  would  prob- 
ably bum  holes  in  it ;  hence  the  silver  dish  would  gradu- 
ally grow  thicker  and  heavier.  The  platinum  dinh  should 
be  made  as  thin  and  as  light  as  possible,  so  that  it  may  be 
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acourntel;  weighed  ;  with  «  diaraeter  of  4  inches,  and  ■ 
depth  of  rather  more  than  1^  inches,  it  need  not  weigh 
more  than  78  grammes. 

This  silver  disc  is  held  in  position  hy  a  strip  b,  at- 
tached to  it,  held  in  a  clamp  c,  the  two  sides  of  which 
are  pressed  together  by  turning  the  nnt  h.  The  disc 
and  the  strip  a  ai-e  in  one  piece,  cut  out  of  a  Unek, 
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flat  sheet  of  silrtT,  the  xtrip  being  bent  up  at  right  angles 
to  the  disc  after  it  is  cat  out. 

Electric  connection  is  maile  with  the  platinum  dish  d, 
by  its  resting  on  three  metal  pins  p,  connected  with  the 
wire  Wo,  and  connection  is  made  with  the  silver  disc  by  the 
wire  soldered  to  c,  the  other  end  of  which  is  connected 
with  one  terminal  of  the  ammeter.  The  other  terminal 
of  the  ammeter  is  connected  through  an  adjustable  carbon 
-I'esistaQce  R  with  the  wire  w,,  and  the  circuit  is  closed 
bj  putting  the  metallic  bridge-piece  b  into  the  small 
mercury  cups  H  H.      l^e  cnn-ent  produced  by  a  current 
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generator,  the  terminala  of  which  &re  attached  to  th« 
wires  w,  and  w,,  can  be  conveniently  varied  within  wide 
limits  by  screwing  or  unscrewing  the  nut  at  the  top  of 
K,  tiliown  at  n  (Fig.  158),  separated  from  the  rest  of  the 
apparatus.     Screwing  this  nut  n,  jn'esses  down  more  or 
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less  a  wooden  waslier  e,  which,  in  its  turn,  compreRSes 
more  or  leas  a  pile  of  discs  of  carbonieed  cloth,  BODie  of 
which,  c,c,  c,  c,  are  seen,  in  Fig.  158,  separated  from  the 
carbon  resistance.  This  cloth  is  specially  prepared  by  Mr. 
Varley,  by  heatiiig  ordinaiy  cloth  to  an  extremely  hiz/li 
trnnperattire  in  a  vacuum,  which  carbonises  the  cloth 
without  destroying  its  flexibility  and  elasticity.  The 
carbon  discs  are  piled  up  in  a  heap  by  slipping  them  over 
a  thin  wooden  tube  which  surrounds  the  brass  rod  h,  ter- 
minated at  the  top  in  a  screw  thread  for  the  nut  n  to 
screw  on,  and  contact  ia  made  with  the  discs  by  one  or 
other  of  three  plates  of  brass,  p„  p^  p^,  one  of  which, 
p„  is  seen  separate  1  in  Fig.  158.      These  plates  of  bmaa 
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are  of  about  the  same  size  as  the  carbon  discs,  and  the 
hole  in  the  centre  of  each  is  shaped  like  the  section  of 
the  rod  h — that  is,  not  quite  round,  so  that  pi  and  p^ 
can .  slide  up  and  down  this  rod  without  being  able  to 
turn  round  it 

Starting  with  a  pressure  sufficiently  great  to  keep  the 
discs  fairly  well  in  contact,  so  that  they  cannot  shake 
about  and  thus  produce  a  varying  resistance,  and  grar 
dually  increasing  this  pressure,  but  not  to  such  an 
extent  sa  to  damage  the  discs,  the  resistance  of  the  whole 
column  can  be  varied  from  about  ^  to  9J  ohms  when  the 
discs  are  about  1^  inch  in  diameter,  and  when  the 
height  of  the  column  of  them  is  about  3  inches.  A  re- 
sistance still  less  can  be  obtained  by  attaching  the  wires 
to  the  plates  p^  and/^j  (Fig.  158),  instead  of  to  the  top 
and  bottom  plates  as  in  Fig.  157. 

When  adjusting  the  carbon  resistance  B  so  as  to 
obtain  the  desii-ed  current,  it  is  desirable  that  no  decom^ 
position  should  take  place  in  the  silver  voltameter,  for 
in  that  case  the  drying  and  weighing  of  the  platinum 
dish  D  would  have  to  be  canied  out  after  the  carbon  re- 
sistance was  adjusted,  and  it  would  probably  be  found 
that  a  fresh  adjustment  was  required  when  it  was  desired 
to  start  the  decomposition.  To  avoid  this  difficulty,  the 
circuit  through  the  silver  voltameter  should  not  be  closed 
during  the  adjustment,  but  Wj  and  the  left-hand  terminal 
of  the  ammeter  should  be  joined  instead  by  a  piece  of 
German  silver  wire,  having  the  same  resistance  as  the 
voltameter.  A  third  mercury  cup,  not  shown  in  the 
figure,  but  which  we  may  call  h',  may  be  easily  arranged 
so  that  when  the  bridge-piece  B  is  put  into  the  holes  h  and 
h\  the  circuit  through  the  German  silver  wire  is  closed, 
whereas  when  one  of  its  ends  is  shifted  from  h'  to  H, 
the  other  being  left  in  the  other  hole  H,  the  circuit 
throiTgh  the  voltameter  is  closed. 

At  the  commencement  of  the  exi>eriment  the  platinum 
dish  D  (Fig.  157)  should  be  carefully  washed  with  distilled 
water^  to  remove  any  dust  or  dirt,  then  dried  over  a 
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spirit  lamp,  and  placed  on  the  triangle  T  over  the  veieel 
y  of  strong  stdphnric  acid,  and  the  glass  cover  o  left 
over  while  the  platinum  dish  is  cooling.  When  it  is 
cool  it  should  be  carefully  weighed.  The  dish  is  now 
put  in  position  on  the  pins  pj  the  silver  didc  placed  so 
that  its  edges  are  equally  distant  from  the  sides  and 
bottom  of  the  dish,  and  the  solution  of  silver  nitrate 
poured  in.  Next,  a  current  is  sent  through  the 
carbon  resistance  B,  the  ammeter  a,  and  the  Qennan 
silver  wire  above  referred  to,  and  the  carbon  resistance 
adjusted  until  the  current,  as  observed  on  the  ammeter, 
has  the  right  value.  The  maximum  value  that  may  be 
given  to  the  current  so  as  to  obtain  a  good  adherent 
deposit  with  a  particular  platinum  dish  is  (as  stated  in 
the  foot-note,  §  6,  page  11)  one  ampere  per  six  square 
inches  of  surface.  At  a  time  noted  on  a  watch 
the  current  is  sent  through  the  voltameter  instead  of 
through  the  German  silver  wire,  and  its  strength  is  kept 
constant  by  slightly  turning  from  time  to  time  the  nut  n 
(Fig.  158)  at  the  top  of  the  carbon  resistance  so  as  to  keep 
the  ammeter  deflection  constant^  and  at  a  noted  time,  at 
the  end  of  from  ten  to  thirty  minutes,  depending  on  the 
current  used,  the  circuit  is  interrupted.  The  silver 
nitrate  solution  having  been  put  back  into  the  bottle, 
the  platinum  dish,  with  the  layer  of  deposited  silver  in 
it,  is  carefully  rinsed  out  with  distilled  water  ;  next  it  is 
filled  with  distilled  water,  and  left  standing  for  ten  or 
fifteen  minutes  to  remove  traces  of  the  silver  nitrate 
solution,  then  having  been  rinsed  out  again  with  distiUed 
water,  it  is  rinsed  out  with  alcohol  to  remove  the  water, 
and  with  ether  (which  evaporates  with  great  rapidity)  to 
remove  the  alcohol,  and  finally  it  is  dried  over  a  spirit 
lamp,  and  left  to  cool  under  the  desiccator  o,  when  it  is 
again  carefully  weighed.  Then,  if  W  be  the  increase  in 
weight  in  grammes  produced  in  t  seconds  by  a  current  of 
mean  strength,  A  amperes, 

000111816* 
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It  is  desirable  to  repeat  this  test  for  two  or  three 
very  drfierent  currents  that  the  ammeter  is  adapted  to 
measure,  as  the  calibration  may  be  right  in  even  two 
very  different  parts  of  the  scale,  and  not  at  some  inter- 
mediate part,  arising  from  the  law  of  the  instrument  not 
being  exactly  what  the  uiaker  has  supposed ;  for  ex- 
ample, he  may  have  determined  accurately  the  currents 
corresponding  with  two  points  of  the  scale,  and  have 
interpolated  the  intermediate  graduations  on  the  assump- 
tion that  the  increase  of  deflection  was  directly  propor- 
tional to  increase  of  current,  which  may  not  be  quite 
true  with  the  particular  instrument. 

208.  Test  for  Besidoal  Ma^etism. — In  order  to 
ascertain  whether  a  current  produces  the  same  deflection 
on  an  ammeter,  independentiy  of  whether  the  currraats 
previously  {)a8sing  through  die  instrument  were  mucJi 
smaller  or  much  larger  than  the  particular  current  in 
question,  the  instrument  should  be  joined  up  in  series 
with  a  Siemens'  dynamometer,  or  other  cuirent  meter 
containing  absolutely  no  iron  or  steel,  and,  therefore, 
having  no  ertx)r  due  to  residual  magnetism,  tqy^ether  with 
an  adjustable  carbon  resistance,  care  being  taken  to  put 
the  dynamometer  so  far  away  from  the  other  instrument 
that  any  magnetism  produced  in  the  latter  will  not  affect 
the  dynamometer.  Then,  starting  with  the  carbon  re- 
sistance unscrewed,  so  that  its  resistance  is  great,  the 
circuit  should  be  closed,  and  successive  simultaneous 
readings  of  the  two  instruments  taken;  firsts  as  the 
carbon  resistance  is  gradually  screwed  down,  and  the 
current  increased  up  to  the  maximum  current  the 
instrument  is  intended  to  measure ;  then,  as  the  carbon 
resistance  is  gradually  unscrewed,  and  the  current  di- 
minished again. 

The  following  are  the  results  of  such  tests  made  with  a  stronffljf 
fHoffntiised  permanent  magnet  ammeter,  like  that  shown  in  h^g. 
26  page  76 ;  with  a  spring  control  meter,  like  that  shown  in  Fig. 
154,  page  384;  with  a  magnifying  spring  ammeter,  like  that 
shown  in  Fig.  166,  page  388  ;  and  with  an  electro-magnetic  control 
meter. 
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Ampeiee  m  meMoredbj  a  P«r» 


▲mperesM  mManred  bj  a 


wummd  M99^  Ammeter;  a^^nlSIS^JL' 

raidii«frt^0to85ampereiL  Stemens  I^juMnomeUr. 


61  t  6-58 

12-2  S  12-31 


18-3  g  18-32 

About   24-4 1*  Not  read 

18-3  ^  18-3 

12-2 1  12-8 

6-1  8  6-4 


Amperes  as  meaeozed  bj  a  Spring 
Control  Meter,  with  macfivc  iron  a«— «—  ..  »^^«.,.^  w.  • 

xaadinff  from  0  to  100  amperaa, 

20     ^  19-6 

25     f  25-3 

36     i  36-2 

46    f  47-1 

66    ^  68-1 

68-6  61-4 

66     M  67-4 

46     I  46*0 

36     §  34-4 

25     g!  23*2 

20    ^  17-2 

Thai  it  required  a  Bmaller  cnirent  at  the  end  of  the  experiment 
to  prodnce  the  same  deflection  as  was  produced  at  the  beg^ning, 
showed  that  the  iron  core  of  the  deJUeting  electro-magnet  retained 
some  of  the  magnetism  put  into  it  when  the  strong  current  was 
flowing  round  it. 


Amperes  as  measured  bj  the 
MagmfykM  Spring  Amme- 

^-P* 

ires  as  measnred  by  a 

ter  ;  reading  from  4*5  to 

Siemens'  Djnamometev. 

25  amperes. 

6     ^ 

4-96 

10     8 

9-9 

16     1 

16 

20     f 
23    ^ 

20*4 

24-46 

20     ? 
16     S 

20-86 

16 

10     g. 
6    1 

9-87 

4-86 

AA 
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8-82 
27-6 
82 
41-9 
62-3 
63-5 
64*4 
63-6 
44-8 
S4'7 
24-9 
11-6 

That  it  required  a  mach  higher  current  at  the  end  of  the 
experiment  to  produce  the  eame  deflection  as  was  produced  at  the 
beginning,  showed  that  the  iron  core  of  the  controlling  decbo- 
magnet  retained  some  of  the  magnetism  put  into  it  when  the 
strong  current  was  flowing  round  it. 

209.  Test  for  Error  on  Beversing  the  Cnrrent — 

Certain  instruments,  such  as  the  spring  instrument  of 
Mr.  Cunynghame,  and  the  electro-magnetic  control  instru- 
ments of  Messrs.  Crompton  and  Elapp,  are  int-ended  to  be 
used  only  when  the  current  flows  through  them  in  one 
direction,  and  therefore  they  ought  not  to  be  inten- 
•tionallj  used  with  the  current  flowing  through  them  in 
the  wrong  direction.  As,  however,  in  the  charging  and 
discharging  of  accumulators,  &c,  the  cun-ent  is  liable  to 
be  reversed,  it  is  desirable  to  try  experimentally  the  kind 
of  error  that  would  be  produced  if  the  current  were  re- 
versed, and  then  reversed  back  again  so  as  to  again  flow 
through  the  instrument  in  the  proper  direction.  To 
make  the  experiment,  the  instrument  to  be  tested 
should  be  joined  in  a  series  with  some  standard  instru- 
ment, like  a  Siemens'  dynamometer,  and  the  direction 
of  the  current  through  the  former  instrument  only 
should  be  reversed,  to  avoid  the  possibility  of  any  error 
being  introduced  into  the  readings  by  the  reversal  of 
the  current  through  the  latter.     The  two  instruments 
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musty  of  course,  be  placed  eo  far  apart  that  the  reversal 
of  the  magnetic  action  of  the  one,  when  the  current 
passing  through  it  is  reversed,  does  not  affect  the  other 
directly. 

With  instruments  having  much  iron,  it  is  found  that 
not  merely  are  the  readings  which  are  obtained  with  the 
same  current  Tihen  flowing  in  different  directions  very 
different,  bat  that  even  when  the  current  has  been  twice 
reversed,  so  as  to  flow  again  in  its  original  direction,  the 
value  of  a  small  current,  as  determined  from  the  indication 
of  the  instrument^  is  very  different  from  its  true  value, 
and  this  is  especially  the  case  when  a  strong  current 
was  used  in  the  first  reversal,  and  only  a  weak  one  in 
the  second 


as  mMsiixed  hj  a  Bprimg  Control  Meter, 
ith  moMMW  Mjft  inn  nMdI«  and  deflectiog 
tfeofero-mac^ut  with  nuu9W0  eor$§;  reading 
from  0  to  100  amperes. 


Amperes  as  mea- 
soxedbjaSie- 
mens*  Djs*- 
mometer* 


At  first  21. 

A  reverae  current  of  100  amperes  was  now 
sent  through  the  instrument  for  30  seconds, 
then  the  original  current  in  the  original 
direction,  the  deflection  now  was 

18*8. 
A  rwerte  current  of  85  amperes  was  next 
sent  for  30  seconds,  next  the  origiDal  current 
in  the  original  direction,  the  deflection  was 
still 

18*8. 
A  direct  current  of  100  amperes  was  sent 
for  30  seconds,  and  then  the  original  current 
the  deflection  now  became 

19-76, 
and  slowly  increased  to 

20. 


20'S 


20*8 


20-8 

20-8 
20*8 


210.  Test  for  Error  Produced  by  External  Magnetio 
Disturbance. — ^To  test  this  a  steady  current  should  be 
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s  pulled  downwards,  the  plane  should  be 
as  seen  in  Fig.  160. 

ment  should  be  made  with  a  weak  current 
!i  the  instrument,  and  also  with  a  strong 
utly  the  magnetic  disturbance  diflfers  in 
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Tig.  100. 

.lifferent  currents,  and  in  both  cases  the  con- 
.(*  current  during  the  experiment  should  be 
:ts  passing  also  through  some  other  instru- 
as  a  Siemens'  dynamometer,  placed  so  far 
he  motion  of  the  magnet  does  not  affect  it. 
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sent  through  the  instruments,  and  the  readings  taken 
first  with  no  outside  magnet  near,  then,  when  a  fairly 
strong  bar  magnet  is  moved  round  in  a  plane  passing 
through  the  centre  of  the  instrument,  the  magnet  being 
held  so  as  to  always  point  towards  the  oenla^  of  the  in- 
strument, and  with  its  end  at  always  the  same  distance 


\a 


d 


E^fiatowtal  PUinB 


I 
i 


Fig.  15a 

from  the  centre.  A  foot  is  found  to  be  a  convenient 
distance  to  take,  and  the  plane  in  which  the  bar  magnet 
is  moved  should  be  that  in  which  the  magnet  must  pro- 
duce the  greatest  disturbance  ;  for  example,  with  an  in- 
strument having  a  needle  turning  round  on  a  vertical 
axis,  the  plane  in  which  the  magnet  is  moved  should 
be  horizontal,  as  shown  -in  Fig.  159,  whereas  with  a 
magnifying  spring  instrument  in  which  the  soft  iron  tube 
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TT  (Fig.  156)  is  pulled  downwards,  the  plane  should  be 
a  vertical  one,  as  seen  in  Fig.  160. 

The  experiment  should  be  made  with  a  weak  current 
passing  through  the  instrument,  and  also  with  a  strong 
one,  as  frequently  the  magnetic  disturbance  differs  in 
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amount  -for  different  currents,  and  in  both  cases  the  con- 
stancy of  the  current  during  the  experiment  should  be 
assured  by  its  passing  also  through  some  other  instru- 
ment, such  as  a  Siemens'  dynamometer,  placed  so  far 
away  that  the  motion  of  the  magnet  does  not  affect  it. 
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The  following  ahow  the  reiiiltB  of  this  test  made  with  seTetal 
instmmentB,  always  uamg  the  same  permanent  magnet  to  prodnoe 
the  diatarbanoe  at  the  same  distance  tern  the  centre  of  the  instm- 
ment. 


Ma§n»t  m«9ml  rmmd  m  J^trmmtent  Ma§n»t 

FUm$, 


AmmtUr  <ii  m  Moriumimi 


Ainp«rM    aa 

mea- 

■ured  by  the  P«r- 

Amperes    as 

niancnt 

Magntl 

messnred    bj 

Ammeter; 

read- 

A  Siemens' D  J- 

ing  from  < 

»to25 

nsmometer. 

amperes. 

22*8 

22*0 

No  magnet  near. 

22-1 

220 

Magnet  in  position  a 

J 

22*4 
22*3 

220 
220 

Fig.  1^9. 

220 

220 

»»               »»        * 

J 

22*2 

220 

Ko  magnet  near. 

Magn$t  moved  round  a  Magnifying  Spring  Ammeter  in  a  Vertical 

Plane, 


Amperes    ss 
flixred  by  the  Mag 
nifying  Upring  Am- 
mster;      rosdixig 
from  4'5  to  85  am 


6 
6 
6 
6 
6 
6 


21 
21 
81 
21 
21 
21 


messared'^s 
Siemens'  Dy 
namometer. 


6-69 
6-59 
6-59 
6*69 
6-69 
6-69 


21 
21 
21 
21 
21 
21 


•6 
6 
6 
•6 
•6 
•6 


No  magnet  near. 
Magnet  in  position  a 


No  magnet  near. 


e 

4 


No  magnet  near. 
Magnet  in  position  a 

M  h 


n 
II 


II 
II 


e 
4 


No  magnet  near. 


fig.  160. 


Fig.  160. 
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Magnet  mo9ed  round 

OH  Shdrihmagnetie  Cmtrcl  MtUr  in  m 

WcrtMoniai  TUom* 

Amperes  as  measured 

hj  the  SUctro^mag- 

▲mperee  as  meoeniedl 

n0Uc  OcmtiDl  Meter ; 

by 

a  SieneDa*  Dj-^ 

'leading  from  0  to  100 

namometer.             j 

amperes. 

10 

9-2 

No  magnet  near. 

10-1 

9*2 

Hagnet  in  position  «. 

14-6 

9-2 

»f               »        •• 

10-9 

9-2 

i>               If        ^ 

7-9 

9-2 

f>               »»        ^« 

9-6 

9-2 

Ko  magnet  near. 

82 

90 

No  magnet  near. 

81*8 

90 

Magnet  in  position  a. 

84-6 

90 

M                          »              ^» 

84-6 

90 

W                            >f               *• 

81-8 

90 

«                            »              •• 

82-2 

90 

No  magnet  near. 

311  Test  for  Permanent  Alteration  of  Sensibility.— 
This  test  is  one  that  must  necessarily  extend  over  a  long 
period,  as  permanent  magnets  are  found  to  slowly  de- 
magnetise, springs  to  become  permanently  strained,  or, 
as  it  is  called,  get  a  ^*^ ^eftmanefni  set^^  kc.  Frequent  com- 
parisons should,  therefore,  be  made  between  the  readings 
of  an  ammeter,  and  the  amount  of  silver  deposited  in  a 
given  time  by  the  currents  giving  these  readings. 

Errors  in  Yoltmsters. 

212.  Testing  Voltmeters.— In  addition  to  the  five 
errors  given  in  §  206,  page  394,  and  which  afiect  volt- 
meters equally  with  ammeters,  there  is  a  most  important 
sixth  error  arising  from  the  sensibility  of  a  voltmeter 
varying  with  its  resistance,  and,  therefore,  with  its  tem- 
peratura  This  change  of  resistance  is  due  partly  to  the 
variation  of  the  temperature  of  the  room,  and  partly  to 
the  ooils  of  the  instrument  becoming  heated  by  the 
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passage  of  the  current  througli  them.  Voltmeters  in  this 
respect  differ  entirely  from  ammeters;  an  increase  of 
resistance  of  an  ammeter  may  diminish  the  current  in 
the  circuit,  but  the  ammeter  will  accurately  measure  the 
current  so  diminished ;  consequently,  the  sensibUity  of  am 
anvmeter  is  unchanged  by  a  change  in  the  resietance  alone. 
For  example,  if  two  exactly  similar  ammeters  be  wound, 
the  one  with  copper,  and  the  other  with  Qerman  silver 
wire  of  the  same  gauge,  and  with  the  same  number  of 
convolutions,  the  sensibility  of  the  one  will  be  exactly 
the  same  as  that  of  the  other,  in  spite  of  the  resistance 
of  the  latter  instrument  being  thirteen  times  that  of  the 
former;  whereas  an  increase  in  the  resistance  of  a 
voltmeter  causes  a  less  current  to  pass  through  it  for  the 
same  P.  D.  at  its  terminals,  and  hence  tJte  eenaibili^ 
of  a  voltmeter  va/riee  with  change  in  its  resistance, 

218.  Test    for   Accuracy   of   the  GradnatioiL  — 

From  the  definition  of  a  volt  (§81,  page  141),  it  follows 
that  if  we  know  the  current  in  amperes  passing  through 
a  resistance,  the  value  of  which  is  known  in  ohms,  we 
know  the  P.  D.,  in  volts,  at  its  terminals,  since  this  is 
equal  to  the  product  of  the  number  of  amperes  into  the 
number  of  ohms.  This  leads  to  a  very  simple  and  accu- 
rate method  for  calibrating  voltmeters,  and  which  is 
shown  Efymbolically  in  Fig.  161.  v  is  the  voltmeter  to 
be  calibrated,  r^  a  resistance  formed  of  a  long  coil  of 
fairly  thick  copper,  or  better  of  platinoid  wire  wound 
double  so  as  not  to  produce  any  external  magnetic 
action,  and  coiled  up  loosely  so  as  to  cool  fairly  quickly. 
A  is  an  ammeter  which  has  been  accurately  graduated, 
and  w  a  Wheatstone's  bridge,  or  differential  galvanometer, 
with  battery  complete  for  measuring  the  paraUel  resist- 
ance  between  the  points  c  and  b,  and  whidi  is  made  up 
of  ri  and  of  v.  Between  the  terminals  T|  and  t^,  there  is 
some  suitable  current  generator,  not  shown  in  the  figure, 
which  will  send  a  current  through  the  arrangement 
on  inserting  the  plug  p^  ;  r^  is  an  adjustable^  but  not 
necessarily  a  known,  resistance  for  varying  this  conent 
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and  Pg  is  a  plug  key  for  completing  or  iDtemiptmg  the 
circDit  through  the  measuring  apparatus  ir. 

The  experiment  is  performed  thoB  : — Pg  being  opened 
and  P,  clofled,  r,  ia  adjuated  so  that  a  convenient  deflec- 
tion is  obtained  on  v.  This  deflection  is  read  by  one 
observer,  and  simultaneously  the  deflection  on  A  by 
anotJier  observer,  when,  on  a  signal  being  given  at  whict 
the  time  is  noted,  p,  is  opened,  p,  is  closed,  and  time  mea- 
twremenU  of  the  parallel  resistance  between  o  and  b 
taten.     These  reBistances  being  plotted  an  ordinates  on 


a  sheet  of  sqaared  paper  with  the  times,  from  the  moment 
of  opening  P„  as  abscissee,  a  curve  can  be  drawn,  and  on 
producing  it  backwards  it  is  easy  to  ascertain  what  was 
tbe  exact  resistance  in  obms  and  fraction  of  an  ohm  of 
the  circuit  between  O  and  s  at  the  moment  the  simul- 
taneous readings  on  v  and  a  were  taken,  then  the  product 
of  this  resistance  into  the  number  of  amperes  gives  the 
exact  number  of  volts  corresponding  with  the  deflection 
on  T.  r,  is  now  varied  so  as  to  produce  a  different  deflec- 
tion on  the  voltmeter  v,  and  the  number  of  volts  corre- 
sponding with  it  ascertained  as  before,  and  bo  oq  for 
as  many  readings  as  it  is  Qeceesary  to  take  to  determine 
the  absolute  calibration  of  the  voltmeter. 

If  the  coil  r,  be  made  of  very  thin  German  sUver 
wire,  and  the  current  sent  through  it  be  only  a  small 


410  PBAOnOAL  ELaCTBICm.  tOmr-VUI. 

one,  the  reaistance  may  not  alter  hy  the  pMsage  of  ti» 
current ;  but  if  it  be  desired  to  produce  a  P.  D.  of 
100  or  more  Tolts  between  the  poinix  c  and  b,  and  to 
nae  an  ordinaiy  ammeter  a,  graduated  up  to,  aaj,  20 
amperes,  the  reeiatanoe  r,  would  have  to  be  aomeUiiiig 
like  10  ohms,  and  able  to  take  a  current  of  10  ampoi^a 
without  heating  at  all.  Such  a  wire  would  have 
to  be  very  long  and  tliick,  and,  therefore^  expensive, 
whereas  the  device  of  taking  time  meaturtmeTiit  of  the 
resistance  enables  the  coil  to  be  made  of  even  copper 

The  preceding  method  is  baaed  on  our  knowing  Uie 
exact  value  of  a  current  and  of  a  resistance,  but  we  ma; 
calibrate  a  voltmeter  hj  oomparing  its  reftdings  with  the 
B.  M.  F.  of  a  cell,  if  tliis  E.  M.  F.  be  accurately  known 
in  volta.    The  cells  best  suited  for  this  purpose  are  a 
"Latimer  Clarkt  cell,"  or 
some     form     of     gravity 
Daniell,  in  which  the  cop- 
per sulphate  and  sine  sul- 
phate solutions  mix    very 

214  Latimer  Cluk's 
Cell. — These  cells  are  made 
in  a  variety  of  forms,*  bat 
probably  what  is  called  the 
H  form,  shown  in  Fig.  162, 
is  ^e  bent  One  of  the 
legs  is  partially  filled  with 
an  "  amalgam  of  zinc "  A, 
formed  by  putting  some 
pure  zinc  into  pure  mer- 
Fig.  1B2.  cury,  which  has  been  previ- 

ously distilled  in  a  vaatutn, 
the  other  with  pure  mercury  h,  which  has  been  similarly 
distilled,  covered  with  a  layer  of  "mereunms  tulpkate"  m  & 
*  Pba  Tiuu.  Boj.  Sod.,  *oL  xriL,  p.  ILL    P»rt  II.,  1881 
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The  whole  ib  then  filled  up  above  the  lerel  of  the  crofls  tube 
with  pure  doltu/raUd  zino  sulphate  z,  and  a  few  crystals  of 
zinc  sulphate  are  added.  Evaporation  is  prevented  bj  the 
insertion  of  paraffined  corks  o,  and  electrical  contact  ifl 
made  with  the  amalgam,  and  with  the  pure  mercury,  by 
platinum  wires  w  w,  sealed  into  the  glasa  Marine  glue 
may  be  employed  instead  of  paraffin  wax  to  make  the  corks 
c  air-tight,  or,  best  of  all,  the  upper  ends  of  the  tubes 
may  be  hermetically  sealed  (aee  note,  page  20).  If  the 
zinc  sulphate  be  mOiwraJUd^  but  not  ^*'  m^pw-wiwraJted^^ 
the  experiments  of  Lord  Bayleight  show  that  when 
this  cell  is  not  allowed  to  send  currents,  its  R  M.  F.,  after 
it  has  been  set  up  for  tome  weeks,  is  exirefnely  constomi 
for  the  same  temperature,  and  has  a  very  exact  value 
for  any  particular  temperature ;  its  value  in  legal  volts 
being  equal  to 

1-438  {1-0-00077  (<-15°)}, 

where  t  is  the  temperature  of  the  cell  in  degrees  Oenti- 
gradei 

As  in  the  Danieirs  cell  {see  §  119,  page  211),  a 
diminution  in  the  density  of  the  zinc  sulphate  solution 
increases  the  E.  M.  F.  of  the  Latimer  Clark's  cell. 

215.  Standard  Danieirs  Cell. — La  spite  of  the  great 
value  of  the  Latimer  Clark's  cell,  it  has  two  defects,  the 
one  that  it  polarises  rapidly,  and  its  E.  M.  F.  temporarily 
falls  off  if  a  current  be  allowed  to  pass  through  the  cell, 
the  other  that  the  variation  of  its  K  M.  F.  with  tempera- 
ture is  considerable,  and  therefore  for  accurate  work  the 
temperature  of  the  cell  must  be  accurately  known.  These 

*  When  a  mUturated  tolution  of  a  salt  is  cooled,  some  cryBtals  are 
formed  w  a*  to  leave  the  liquid  simply  saturated  at  the  lower  tern* 
perature ;  but  if  the  liquid  be  closed  up  so  that  the  air  does  not  get  to 
it,  and  if  it  be  cooled  without  shaking,  crystallisation  may  not  take 
place,  and  the  liquid  is  then  saidjto  be  "  twptr-tatwutedy"  for  on  dropping 
a  aystal  of  the  salt  into  it,  cryRtallisation  immediately  occurs.  The 
presence,  therefore,  of  crystals  in  a  liquid  is  a  proof  that  it  is  satu- 
rated and  not  super-saturated. 

t  Proc  Boy.  Soa,  toL  zL,  p.  79i 
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objections  are  overcome  by  ihe  employment  of  a  form  of 
gravity  Daniell,  in  which  the  solutions  can  only  mix 
very  slowly.  If  the  plates,  or  rods,  be  formed  of  cleaUy 
pure  zinc,  and  of  freshly  '*  electrotyped  "  copper — ^that  is, 
copper  on  the  surface  of  which  a  layer  of  copper  has 

been  deposited  by  putting 
the  plate,  or  rod,  into  a 
bath  of  copper  sulphate, 
and  sending  a  current 
through  the  bath,  so  that 
it  leaves  by  the  plate  or 
rod — and  if  the  solutions 
used  in  the  Daniell's  cell 
be  formed  of  pure  crystals 
of  copper  sulphate  and 
zinc  sulphate,  then  the 
E.  M.  F.  will  be  1  104  volts 
when  the  solutions  are 
equally  dense,  and  1*074 
volts  if  the  copper  sulphate 
solution  has  a  specific 
gravity  of  1-100  at  15°  C, 
and  the  zinc  sulphate  solu- 
tion 1*400  at  the  same 
temperature.  A  form  of 
gravity  Daniell's  cell,  spe- 
cially designed  by  Dr. 
Fleming,*  to  be  used  as  a 
standaid,  is  shown  in  Fig. 
163,  and  consists  of  a  U- 
tube  f  inch  in  diameter, 
and  8  inches  long,  provided 
with  glass  taps,  &c,  as  shown.  To  use  the  cell,  the  tap 
A  is  opened,  and  the  whole  U-tube  filled  with  the  denser 
zinc  sulphate  solution ;  the  zinc  rod  which  is  kept  in  the 
test  tube  L,  when  the  cell  is  not  in  use,  is  now  inserted  in 
the  left-hand  tube,  and  its  indiarubber  stopper  p  fitted 

*  FhiL  Mag.,  S.  5,  vol.  xz.,  p.  126. 
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tightly  into  this  tube.  Now,  on  opening  the  tap  o,  the 
leyel  of  the  liquid  will  begin  to  fall  in  the  right-hand 
limb^  but  no  Uquid  will  flow  out  of  the  left-hand  one. 
As  the  level  commenoes  to  sink  in  the  right-hand  limb, 
copper  sulphate  solution  can  be  allowed  to  flow  in  gently 
to  replace  it  by  opening  the  tap  b;  and  this  opera- 
tion can  be  so  conducted  that  the  sur^use  of  demarcation 
of  the  two  liquids  remains  quite  sharp,  and  gradually 
sinks  to  the  level  of  the  tap  a  When  this  is  the  case, 
all  the  taps  are  closed  and  the  copper  rod  is  removed  from 
the  test  tube  m,  in  which  it  is  kept,  and,  after  having  been 
freshly  electrotyped^  is  fitted  into  the  right-hand  tube  q. 

It  is  impossible  to  stop  the  liquids  mixing  together 
at  the  surface  of  contact,  but  whenever  the  sur&ce  of 
contact  ceases  to  be  sharply  defined,  the  mixed  liquid  at 
the  level  of  the  tap  o  can  be  drawn  off,  and  fresh  solu- 
tions supplied  from  the  reservoirs  above. 

Experiment  shows  that  the  effect  of  oxidation  of 
the  zinc  is  to  lower  the  K  M.  F.,  while  oxidation  of  the 
copper  raises  it. 

In  order  that  the  E.  M.  F.  of  a  Latimer  dark's  cell 
should  be  quite  constant,  it  is  absolutely  necessary  that 
the  cell  should  not  be  allowed  to  send  any  appreciable 
current,  and  even  with  the  Daniell's  cell  better  results 
will  be  obtained  if  the  cell  be  not  sending  a  current  when 
the  test  is  made,  since  in  that  case  the  P.  D.  at  its 
terminals  will  be  equal  to  the  E.  M.  F.,  iudependontly  of 
the  internal  resistance  of  the  cell,  which  will  be  rather 
high  if  it  be  so  constructed  that  the  solutions  can  only 
mix  slowly.  Hence,  Foggendor£rs  method  {see  §  132, 
page  234),  or  the  condenser  method  (see  §  183,  page  341), 
must  be  employed,  care  being  taken  to  determine  accu« 
rately  the  multiplying  power  for  a  discharge  of  the  shunt 
employed  {see  §  188,  page  349). 

The  complete  arrangement  for  calibrating  a  voltmeter 
by  Foggendorff's  motived  is  shown  in  fig.  164,  the 
figure  being  somewhat  distorted  so  that  the  details  of 
the  key  can  be  easily  seen.    In  actual  practice  the 
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bokrd  and  tiie  wirea  on  it  are  much  longer  than  thvj 
tmppMt  to  be  in  the  figure.  J  k  is  a  long  German 
silrer,  or  platinum -silver,  or  platinoid  wire,  very  care- 
fully drawn  so  as  to  have,  its  nearly  aa  possible,  tlie 
same  diameter  everywhere,  and  as  it  is  very  difficulty  if 
not  impossible,  to  draw  a  long  wire  having  exactly  the 
same  diameter  at  all  points  in  its  length,  the  resistance 
of  each  five  or  six  inches  of  the  wire  should  be  carefully 


Fig.  ISL 

measured  and  recorded.  B  is  a  lai^ge  battery  of  any  kind 
of  cells  that  will  send  through  r^,  and  tlie  wire  J  k,  a 
current  that  will  remain  constant  for  at  any  i:ate  a  few 
seconds,  a  is  a  sensitive  high  resistance  galvanometer, 
s  the  standard  cell,  and  r^  is  a  high  resistance  inserted  in 
this  rarmtit  to  keep  the  current  tJHat  would  flow  through 
the  cell  on  closing  the  key  quite  a  weak  one,  even  if 
the  point  of  contact  of  the  key  with  the  wire  J  K  be  far 
away  from  the  position  that  gives  no  current  through  the 
galvanometer.  The  test  is  made  by  inserting  the  plug  P, 
the  handle  h  of  the  key  being  up,  and  adjusting  r,  until 
the  P.  D.  between  the  points  J  and  K,  that  ia,  between 
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the  terminals  of  the  voltmeter  y,  produces  about  the 
desired  deflection ;  the  key  is  then  closed  for  a  moment, 
when,  if  there  be  any  deflection  on  q,  the  key  is  slid,  in 
the  proper  direction,  along  the  wire  jk,  and  contact 
again  made,  and  so  on  until  a  point  m  is  found  such  that 
no  current  passes  through  o ;  the  reading  on  v  is  taken 
at  that  moment,  and  we  know  that  it  corresponds  with  a 
P.  D.  equal  to 

resistance  of  J  K        ^  ,*--«,«  ,  ,     ,     ,, 

— : ;; X  E.  M.  F.  of  the  standard  cell. 

resistance  of  J  M 

In  order  to  enable  the  contact-maker  c  to  touch  any  one 
of  the  five  wires  composing  j  K,  o  can  be  slid  along  the 
slot  in  the  lever ;  and,  to  prevent  the  platinised  Imife- 
edge  attached  to  the  lower  part  of  o  being  pressed  too 
hard  against  the  stretched  wire,  and  damaging  it,  the 
flat  spring  8  is  made  rather  weak.  Hence,  on  depressing 
H,  the  knife-edge  attached  to  c  first  comes  into  contact 
with  the  wire,  and,  on  still  further  depressing  h  until  it 
comes  against  the  stop  placed  underneath  it,  the  lever 
turns  about  the  knife-edge. 

216.  Test  for  Heating  Error. — ^The  various  errors 
found  in  ammeters  occur,  as  already  explained,  also  in 
voltmeters,  and  may  be  tested  for  in  the  same  manner  by 
using  a  voltmeter  with  no  iron  employed  in  its  construc- 
tion, as  the  instrument  of  comparison,  instead  of  an 
ammeter.  As,  however,  the  heating  error  {see  §  212, 
page  408)  is  one  peculiar  to  voltmeters,  and  may  exist 
in  the  voltmeter  which  we  use  as  our  standard  when 
testing  for  the  other  errors,  it  is  desirable  to  consider 
how  it  may  be  reduced  to  a  minimum,  since  the  existence 
of  this  heating  error  in  the  standard  voltmeter  might 
easily  mask  all  the  other  errors  in  the  voltmeters  that 
are  being  tested.  The  first  point  to  determine  is  the 
way  in  which  the  sensibility  of  a  galvanometer,  with 
coils  of  a  given  shape  and  size,  and  with  a  given  needle 
and  controlling  force,  varies  with  the  resistance  of  the 
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wire  employed  in  winding  it ;  next,  how  the  rate  of  pro- 
duction of  heat,  when  a  given  deflection  is  produced,  also 
varies  with  the  resistance  of  the  wire  employed  in  wind- 
ing the  galvanometer,  because  it  may  be  that  by  winding 
it  with  some  special  form  of  wire,  we  may  obtain  con- 
siderable sensibility  with  but  little  heating  of  the  coils. 

217.  Variation  of  the  Sensibility  of  a  Qalvano- 
meter  with  its  Besistanoe. — When  all  the  convolutioos 
of  wire  occupy  the  same  position  relatively  to  the  needle. 


we  have  seen  (§  22,  page  51)  that  the  sensibility  of  a 
galvanometer  is  directly  proportional  to  the  number  of 
convolutions — that  is,  to  the  length  of  wire  employed  in 
winding  the  bobbin.  This  conclusion  is  also  true,  no 
matter  what  be  the  shape  of  the  coil,  or  what  the 
distances  of  the  various  convolutions  from  the  needle, 
provided  that  the  coil  is  fixed  in  size  and  shape ;  for 
let  A  B  c  D,  a'  b'  c'  d  '  (Fig.  165),  be  a  small  bit  of  a  sec- 
tion of  a  galvanometer  coil  taken  through  the  axis  p  q 
of  the  coil ;  A  B  c  D  being  so  small  that  all  the  three 
wires  that  pass  through  it  are  at  practically  the  same 
distance  from  the  needle,  and  therefore  produce   the 
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same  magnetic  effect  when  the  same  cuirent  passes  through 
each  of  them.  Now,  if  the  bobbin  were  wound  witli 
wire  of  half  the  diameter,  there  would  be  four  wires  for 
each  of  the  three  wires  that  pass  through  abcd,  or 
twelve  altogether,  as  in  Fig.  166,  hence  the  magnetic  effect 
due  to  the  wires  that  pass  through  the  small  bit  a  b  c  d, 
a'  b'  c'  d'  would,  for  the  same  current,  have  been  increased 
four  times.  And  so  for  the  wires  passing  thix>ugh  any 
other  bit  R  8  T  u,  r'  s'  t'  u'  of  the  section.  Hence,  although 


the  magnetic  effect  of  one  convolution  passing  through 
ABCD,  a'b'c'd'  may,  for  the  same  current,  be  very 
different  from  the  effect  of  a  convolution  passing  through 
R  8  T  u,  r'  s'  t'  u',  we  may  say  that  the  whole  magnetic 
effect  for  the  same  current  is  directly  propoi*tional  to 
the  number  of  convolutions,  or  to  the  length  of  the  wire ; 
and  it  will  be  observed  that  this  result  remains  true  even 
if  the  diameter  of  the  wire  at  different  parts  of  the  coil 
be  quite  different,  provided  that  the  law  of  winding  be 
maintained  when  the  gauge  is  changed — that  is  to  say, 
the  diameter  of  the  wire  used  in  winding  the  three  con- 
volutions passing  through  a  b  c  d  may  be  quite  different 

BB 
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from  that  emplojed  in  winding  the  three  oonvolo- 
tions  passing  through  b  s  t  u,  and  yet  the  whole  magnetic 
effect  for  the  same  current  will  be  directly  propordonal 
to  the  length  of  the  wire,  provided  that  when  we  halve^ . 
double,  or  treble  the  diameter  of  one  set  of  wires,  we  do 
the  same  for  every  other.  We  may  conclude,  therefore, 
that  when  we  have  a  galvanometer  with  coils  of  a 
given  shape  and  size,  wound  according  to  a  given  law, 
and  fitted  with  a  given  needle,  or  set  of  needles, 
and  controlled  by  a  given  force,  the  sensibility  of  the 
galvanometer  is  di/recUy  proportional  to  the  number  of 
convoliUionSy  or  to  the  length  of  toire  used  in  wind- 
ing it. 

But  the  resistance  of  the  wire  used  in  winding  a 
given  coil  is,  for  the  same  material^  copper,  German 
silver,  (Sec,  proportional  to  the  square  of  the  number  of 
convolutions — that  is,  to  the  square  of  the  length — ^be- 
cause when  we  replace  each  convolution  by  four,  we 
make  the  length  of  the  wire  used  in  winding  the  bit 
A  B  c  D,  a'  b'  c'  d'  four  times  as  great,  and  the  sectional 
area  of  each  wire  one-quarter,  therefore  the  resistance  of 
the  wire  passing  through  A  B  o  D,  a'  b'  o'  d'  becomes  six« 
teen  times  as  greats  and  so  for  the  wire  used  in  winding 
any  other  smafi  bit  R  s  T  u,  r'  s'  t'  u',  hence  the  sensibility 
of  a  galvanomster  is  directly  proportional  to  the  square 
root  of  its  resistance,  and  the  magnetic  eject  is  directly 
proportional  to  the  product  qf  the  etirrent  into  tlte  square 
root  qf  the  resistance. 

llierefoi*e,  with  ooils  of  a  given  shape  and  siae^ 
wound  according  to  a  given  law,  with  wire  of  a  given 
material,  and  fitted  with  a  given  needle,  or  set  of  needles^ 
controlled  by  a  given  force,  the  current  required  to  pro- 
duce a  given  d^lection  is  inversely  proportional  to  the 
square  root  qf  tlte  galvafiometer  resistance. 

And  since  the  current  passing  through  a  galvanometer 
is  equal  to  the  P.  D.  maintained  at  its  terminals,  divided 
by  its  resistance,  it  follows  that  the  P.  D.  required  to  be 
maintained  at  the  terminals  qfa  given  voltmeter^  wound 
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toiih  wire  of  a  given  maierial^  to  produce  a  given  deflection 
is  directly  proportional  to  the  sqitare  root  q/*  the  reeiatance 
of  the  voUmeter. 

And  these  two  laat  oonclusions  may  be  shown  to  be 
tnie  whether  the  needle  be  a  hard  steel  magnet  or  a 
piece  of  soft  iron  magnetised  by  the  current  passing 
round  the  coUs  of  the  inAtrament. 

218.  Rate  of  Prdduction  of  Heat  in  Oalyanometer 
Coila — We  have  seen  in  the  last  section  that  the  cur- 
rent required  to  produce  a  given  deflection  is  inversely 
proportional  to  the  square  root  of  the  galvanometer  re- 
siiftance,  and  this  is  the  same  thing  as  sa3ring  that  to  pro* 
duce  a  given  deflection  the  product  of  the  current  into  the 
square  root  of  the  resistance  must  be  constant  But  the 
rate  of  production  of  heat  in  the  galvanometer  is,  by  §  1 13, 
page  198,  proportional  to  the  product  of  the  square  of 
the  current  into  the  resistance  of  the  galvanometer. 
Hence,  with  coils  of  a  given  shape  and  size,  wound  ao- 
cording  to. a  ^ven  law,  with  wire  of  a  given  material, 
and  fitted  with  a  given  needle,  or  set  of  needles,  controlled 
by  a  given  force,  the  rcUe  of  production  of  heat,  wJien  a 
given  deflection  ia  being  prodticedj  is  a  conetarU  and  ie  in- 
dependent of  the  goMge  of  wire  need  in  toinding  tfie  coiU, 

Hence,  we  see  that  if  the  following  things  be  flxed  in 
a  Yoltmeter ; — 

1.  The  shape  and  size  of  the  coils ; 

2.  The  material  of  which  the  wire  is  made ; 

3.  The  law  of  winding,  i,e,y  the  variation  of  the 
thickness  of  the  wire  with  the  diameter,  or  position,  of  a 
oon  volution ; 

4.  The  needles  and  the  controlling  force ; 

we  caxmot  diminish  the  error  arising  from  the  heat- 
ing of  the  coils  when  a  current  passes  round  them  by 
winding  the  instrument  with  finer  or  with  thicker  wire. 

We  have  next  to  consider  whether  it  may  be  diminished 
by  varying  2,  3,  or  4.  As  to  4,  it  is  quite  clear  that  the 
smaller  the  controlling  force,  and  the  more  astatic  the 
system  of  needles  {wc  %  152,  page  282),  the  smaller  will 
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be  the  current  required  to  produce  a  given  deflection,  and 
therefore  the  less  the  beating  error.  As  to  the  material, 
if  we  are  merely  concerned  with  variations  of  resistance 
of  the  voltmeter  arising  from  changes  of  temperature  of 
the  room,  then  it  is  better  to  use  German  silver,  platinum- 
silver^  or  platinoid  wire  (see  §  94,  page  160),  or  we  may 
add  a  small  piece  of  carbon  in  series  with  the  voltmeter 
coils  of  such  a  length  and. size  that  its  diminution  of  re- 
sistance for  an  increase  of  the  temperature  exactly  balances 
the  increase  of  resistance  of  the  coils ;  but  if  it  is  the 
inci-ease  of  resistance  due  to  the  heating  of  the  coil  by 
the  passage  of  the  current  that  we  wish  to  have  as  small 
as  possible,  then  it  is  easy  to  show  that  it  is  better  to 
wind  the  whole  of  the  coils  with  copper  wire  than  with 
German  silver.  For,  since  the  resistance  of  German 
silver  for  the  same  length  and  thickness  is  about  thir- 
teen times  as  great  as  that  of  copper,  it  follows,  if  two 
exactly  similar  voltmeters  be  wound,  the  one  with  Grer- 
man  silver  wire,  and  the  other  with  copper  wire  of  the 
same  length  and  thickness,  that  the  rate  of  production  of 
heat  when  there  is  the  same  deflection  in  the  two  instru- 
ments (which  will  be  produced  by  the  same  current) 
will  be  about  thirteen  times  as  great  in  the  one  that 
is  wound  with  Geiman  silver  wire,  as  in  the  one 
that  is  wound  ^th  copper  wire,  whereas  for  the  same 
rise  of  temperature  the  increase  of  resistance  of  copper 
is  only  about  8*8  times  that  of  Crerman  silver  (see  §  94, 
page  160).  We  cannot,  of  course,  say  that  the  rise  of 
temperature  is  proportional  to  the  rate  of  production  of 
heat  (see  §  111,  page  194),  but  it  is  probable  that  the 
rise  of  temperature  of  the  German  sUver  coils  will  be 
more  than  8*8  times  that  of  the  copper  ones,  and,  there- 
fore, as  far  as  the  heating  due  to  the  passage  of  the  cur- 
rent is  concei'ned,  copper  is  to  be  preferred  to  Carman 
silver  wira 

The  law  of  winding  that  will  give  a  minimum  heat^ 
ing  error  will  depend  on  the  dimensions  of  the  instru- 
ment,  and  for  a  magnifying  spring  voltmeter  of  the 
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dimeiudons  shown  in  Fig.  156,  and  where  the  radius  of 
the  central  part  not  wound  with  wire  is  one-eighth  of 
the  radius  of  the  cylinder  formed  by  the  outside  of  the 
wire,  it  may  be  shown  that,  if  a  be  the  sectional  area  of 
the  copper  wire  at  any  distance  d  from  the  axis  of  the 
instrument,  and  Oq  the  sectional  area  of  the  first  layer  of 
the  copper  wire  nearest  the  central  portion,  to  have  a 
minimum  heating  error  the  following  condition  should 
be  satisfied  : — 

so  that  the  sectional  area  of  the  outside  wire  should  be 
2*395  times  the  area  of  the  inside  wire. 

The  particular  sectional  area  given  to  the  innermost 
wire  must  depend  on  the  strength  of  the  spring  and  the 
P.  D.  that  it  is  desired  shall  pi*oduce  a  particular  deflec- 
tion. 

A  method  that  is  frequently  employed  for  diminish- 
ing the  heating  error,  is  to  wind  the  voltmeter  so  that  a 
companttively  small  P.  D.  maintained  at  its  terminals 
will  produce  a  lai*ge  deflection,  and  then  to  add  a  separate 
resistance  coil  joined  in  series  with  the  voltmeter,  when 
the  practical  terminals  of  the  instrument  become  the  free 
end  of  this  resistance  coil  and  the  free  end  of  the  volt- 
meter. If  Vi  be  the  P.  D.  in  volts  required  to  produce 
a  deflection  of,  say,  100^  when  applied  directly  to  the 
terminals  of  the  voltmeter  of  resistance  ri,  and  V,  be  the 
P.  D.  required  to  produce  the  same  deflection  when  a 
coil  of  resistance  r,  is  put  in  series  with  the  voltmeter. 


Hence,  by  giving  a  proi)er  value  to  r„  we  can  make  V, 
have  any  value  we  like,  but  what  is  even  more  important, 
the  temperature  error  arising  from  changes  of  tempera- 
ture of  the  room  as  well  as  from  the  heating  of  the  coils 
by  the  passage  of  the  current  round  them,  will  depend 
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not  merely  on  the  variation  of  r^  but' on  the  variation  of 
Ti  -f  r^  and  this  we  can  keep  as  small  as  we  like  bj 
making  r,  large  compared  with  rj,  and  by  constructing 
the  extra  resistance  of  thick  German  silver  wire,  so  that 
the  proportional  increase  in  the  total  resistance  r,  +  r, 
shall  be  small,  even  if  the  incroase  in  r,  alone  be  con- 
siderable. It  might  be  asked,  why  not  make  the  volt- 
meter itself  large,  and  wind  it  with  such  thick  wire  that 
the  heating  would  bo  small.  The  answer  is  that  if  we  did 
so  we  should  remove  the  outer  layers  of  wire  so  far' 
away  from  the  attracted  needle,  that  the  effect  of  a  cur- 
rent passing  round  them  would  be  very  small,  and  hence 
we  should  seriously  diminish  the  sensibility  of  the  in- 
strument The  separate  resistance  coil  has  to  produce  no 
magnetic  action,  hence  the  objection  to  using  very  thick 
(German  silver  wire  in  it,  and  making  it  very  large,  is 
merely  increase  in  cost  and  diminution  in  portability. 

There  is,  however,  one  objection  to  making  r,  large 
compared  with  r„  and  that  is,  that  the  energy  expended 
in  the  voltmeter  itself,  and  which  is  equal  to  44*25  AV| 
footpounds  per  minute  (gee  §  114,  page  201),  is  only  a 
small  fraction  of  the  energy  expended  in  the  extra  re- 
sistunce,  and  which  is  equal  to  44*25  AV,  foot  pounds 
per  minute.  The  former  waste  we  cannot  help,  as  it  is  a 
constant  dei)ending  on  the  construction  of  the  spring  and 
the  8ha))e  of  the  voltmeter  (see  §  218,  pa^  419),  but  the 
latter  is  a  large  waste  introduced  eolely  to  diminish  the 
heating  error.  Hence,  a  voUmeiter,  with  a  powerful  con- 
trolling  force,  wound  wUh  tliick  unre  of  low  resisUmce, 
and/urniahed  unih  a  separate  coil  of  high  resistance,  can 
only  be  tised  in  electric  light,  or  power,  installations  where 
a  snudl  waste  of  energy  is  unimportant 

219.  Standard  Voltmeter.^But  if  the  controlling 
force  be  weak,  then  the  total  waste  of  energy  will  be  so 
small  as  to  be  negligible,  and  hence  we  are  led  to  the 
best  form  to  give  to  a  standard  voltmeter :  suspend  the 
needle  as  delicately  as  possible,  and  use  a  controlling 
force  as  weak  as  is  compatible  with  the  insti-ument 
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reteiniiig  a  fixed  constant^  wind  the  instrameiit  with  not 
veiT  fine  copper  wire,  and  place  in  series  with  it  a  large 
reostance  made  of  as  thick  platinoid  wire  as  is  obtain- 
able. When^  as  explained  in  §  11,  page  23,  a  galva- 
nometer has  a  single  suspended  magnetic  needle,  the 
alteration  of  its  strength  inll  not  afiect  the  sensibility  of 
the  instrument ;  but  if  there  be  an  astatic  corabj nation, 
an  increase  or  diminution  of  strength  of  either  of  the 
needles  will  affect  the  sensibility  of  die  instrument,  hence 
it  is  better  to  use  a  single  needle  galvanometer  when  we 
desire  great  constancy  in  the  sensibility,  as  in  a  standard 
voltmeter. 

S20.  OardeVB  Voltmeter.— This  voltmeter,  designed 
by  Captain  Gardew,  R.K,  differs  from  all  the  instruments 
previously  described  in  that  the  heating  and  not  the 
magnetic  action  of  a  current  is  employed,  and  the  eleva- 
tion of  temperature  of  the  conductor  is  measured  by 
its  expansion.  The  conductor  consists,  in  the  newest 
form  of  the  instrument,  the  back  of  which  is  seen  in 
Fig.  167,  of  about  thirteen  feet  of  platinum  -  silver 
wire  0*0025  inch  in  diameter.  This  wire,  which  is  fixed 
at  one  end  to  a  screw  a,  passes,  at  the  top  of  the  instru- 
ment^ over  a  pulley  Pj,  made  of  bone  so  as  to  be  an 
insulator,  then  down  under  a  small  bone  pulley  j9|,  then 
up  again  over  a  bone  pulley  Pj,  and  lastly  is  fastened  to 
a  screw  B,  The  pieces  of  brass  into  which  the  screws  a 
and  B  are  fastened,  are  connected  with  the  terminals  T, 
and  T^  and  on  a  P.  D.  being  set  up  between  these  ter- 
minals a  curiient  flows  through  the  stretched  wire,  the 
strength  of  which  depends  on  the  P.  D.  maintained  be- 
tween the  terminals  of  the  voltmeter,  and  on  the  resist- 
ance of  the  wire.  The  wire  becomes  hot  and  expands, 
and  as  it  is  very  ikin^  it  very  quickly  acquires  the 
temperature  corresponding  with  the  particular  current 
passing  through  it.  The  support  carrying  the  little 
pulley  /?!,  is  pulled  down  by  a  thread  wrapped  round  the 
grooved  wheel  w  and  fastened  to  the  spring  Sj ;  hence 
when  the  wire  lengthens,  and  the  little  pulley  p^  descends, 
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the  wheel  w  is  turned.  The  staff  (or  little  shaft)  carry- 
ing the  wheel  w  also  carries  a  toothed  wheel  L,  geared 
into  a  small  pinion  M,  hence  when,  hy  a  slight  lengthening 
of  the  wire,  w  is  turned  through  a  small  angle,  the  pinion 
turns  through  a  large  one.  On  the  farther  end  of  the 
staff  carrying  the  pinion  there  is  fixed,  in  the  front  of 
the  instrument,  a  pointer  moving  over  a  dial  graduated 
in  volts,  the  back  of  which  is  seen  in  the  figure;  con- 
sequently the  pointer  is  caused  to  move  right  round  the 
scide  by  a  comparatively  small  descent  of  the  pulley  p^. 

It  will  be  observed  that  the  pull  of  the  spring  S|  is 
balanced  by  twice  the  tension  in  the  stretched  wire,  and 
that  the  descent  of  the  pulley  pi  is  due  to  the  expansion 
of  only  half  the  total  length  of  wire  employed,  that  is, 
the  expansion  of  only  about  six  feet  six  inches  of  wira 
The  advantage,  however,  of  using  a  long  wire,  fixed  in 
the  way  shown,  instead  of  a  wire  half  as  long,  and  of 
twice  the  sectional  area,  which  would  enable  the  same 
spring  81  to  be  used  and  cause  the  same  motion  of  the 
pointer  for  the  same  elevation  of  temperature,  is  that  the 
fine  wire  heats  and  cools  much  more  rapidly  than  the 
thicker  one,  and  so  makes  the  voltmeter  much  more  dead- 
beat.  If  the  P.  D.  to  be  measured  is  between  30  and 
120  volts,  the  stretched  wire  al6ne  may  be  used,  but  for 
larger  P.  Ds.,  an  extra  resistance  (see  §  218,  page  421)  is 
added,  and  the  terminals  of  the  voltmeter  ai-e  now  T| 
and  Tf  If  the  extra  resistance  be  equal  to  that  of  the 
voltmeter  itself,  not  merely  when  the  wires  are  cold,  but 
also  when  they  are  heated  by  the  passage  of  the  current, 
the  readings  on  the  scale  will  correspond  with  exactly 
twice  the  number  of  volts ;  or  a  double  scale  somewhat 
similar  to  that  seen  in  Fig.  26,  page  76,  can  be  employed, 
the  numbers  on  the  one  being  twice  the  corresponding 
ones  on  the  other.  To  insure  the  resistance  of  the 
added  wire  being  always  exactly  equal  to  that  of  the 
voltmeter  itself.  Captain  Cardew  uses  for  the  extra  cir- 
cuits a  stretched  wire  of  the  same  length  and  section,  and 
placed  under  similar  conditions  as  regards  cooling  as  the 
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wire  of  the  voltmeter  itself^  both  sets  of  wine  being  sur- 
roanded  with  metal  tabes,  as  will  be  desgribed  farther  on, 
and  the  tubes,  like  the  metal  rods  supporting  the  pulleys 
Piy  Psi  Pt»  P«  being  lamp-blacked  <m  the  sur£ao&  Thia  extra 
wire,  which  has  one  end  attached  to  the  screw  c,  passes 
over  a  bone  pulley  p,  at  the  top  of  tiie  insfo'ament^  then 
down  and  under  the  little  bone  pulley  p^t  ^^i^  ^P  ^^ 
over  the  bone  pulley  P4,  and  lasdy  is  attached  to  the 
spring  B,.  The  support  canying  ^e  pulley  />,  is  also 
attached  to  a  spring  8^  hence  the  stretching  of  the 
second  wire  which  occurs  when  the  current  passes 
through  it  is  taken  up  by  the  contraction  of  both  the 
springs  b,  and  s,,  and  the  wire  is  kept  tight  To  prevent 
draughts  of  air  cooling  the  stretched  wires  they  are  en- 
closed in  metal  tubes  tt^f  t^,  shown  in  the  figure  separated 
from  the  rest  of  the  apparatus.  The  internal  diameter 
of  these  tubes  is  only  a  little  greater  than  that  of  the 
circular  metal  plates,  d  s,  P  o,  carrying  the  bearings  on 
which  the  pulleys  p„  p„  p,  and  P4  turn,  so  that  when  the 
tubes  are  slipped  over  the  plates  and  screwed  on  to  J  K, 
the  top  of  the  box,  they  prevent  these  plates  having  any 
lateral  motion. 

To  prevent  the  rods  which  support  the  pulleys  P|,  p. 
Pa,  P4  expanding  and  contracting  more  or  less  than  the 
stretched  wires  when  the  temperature  of  the  room 
dianges,  which  would  cause  the  pointer  to  move,  these 
rods  may  be  composed  partly  of  brass  and  partly  of  iron, 
BO  that  their  mean  co-e£Bcient  of  expansion  is  the  same 
as  that  of  platinum-silver. 

The  mechanism  contained  in  the  wooden  box  in  the 
lower  part  of  the  instrument  is  protected  from  damage 
by  the  box  being  closed  with  a  wooden  back  (not  shown 
in  the  figure)  which  turns  on  the  hinges  h  h. 

The  two  great  advantages  of  this  instrument  are  : — 
First,  it  has  no  heating  error,  since  the  <^levation  of  the 
temperature  produced  by  the  passage  of  the  current  is 
the  property  of  the  current  made  use  of;  second,  it 
can  be  used  for  measuring  alternating  P.  D&  (ms  §  113^ 
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page  19d).  As  ali-eady  stated  (§  100,  page  174),  when  a 
earroDt  is  staited  round  an  electro-magnet,  it  takes  a 
certain  time  to  reach  its  maximum  value,  so  that,  with  an 
alternating  current,  which  is  continually  being  started  in 
opposite  directions,  the  effect  of  the  self-induction  of  the 
ooU  is  to  practically  increase  its  resistance  by  an  amount 
which  varies  with  the  rapidity  of  the  alternations ;  hence, 
apart  from  the  fact  that  the  rapid  reversals  of  magnetism, 
which  are  produced  by  an  alternating  current,  prevent 
an  ordinary  galvanometer  being  used  for  measuring  such 
a  current,  even  a  high  resistance  dynamometer,  which 
can  be  used  for  measuring  an  alternating  current  {see 
§  199,  page  381),  cannot  be  used  for  measuring  an 
alternating  P.  D.,  for  its  self-induction  would  cause  it 
to  practically  have  a  variable  resistance,  and  we  have 
seen  (§212,  page  408)  tibat  any  variation  in  the  lesist- 
ance  of  a  voltmeter  varies  its  sensibility.  But  as  the 
self-induction  of  a  straight  wire  bent  back  on  itself  is 
very  small,  the  error  in  Captain  Gardew's  voltmeter, 
arising  from  self-induction,  is  negligible,  and  so  this  in- 
strument is  much  used  for  measuring  an  alternating 
P.  D.  It  is  also  dead-beat^  direct-reading,  not  disturbed 
by  magnets,  and  fairly  portable,  althou^  large. 

The  disadvantages  of  the  instrument^  as  usually  made, 
are  : — First,  it  absorbs  a  good  deal  of  energy ;  second,  it 
cannot  be  used  for  measuring  a  small  P.  D.,  for  we  can- 
not make  it  of  thicker  wire  as  we  should  do  in  the  case 
of  an  ordinary  voltmeter  intended  to  measure  small 
P.  Ds.,  as  this  would  render  it  sluggish,  since  a  thick 
wire  traversed  by  a  current  heats  and  cools  slowly  on 
starting  and  stopping  the  current;  third,  there  is  con- 
siderable vagueness  in  the  readings  near  the  zero  point, 
and  sometimes  inaccuracy  in  the  upper  parts  of  the  scale. 

231.  Commutator  j&mmeter  and  voltmeter. — With 

any  of  the  magnetic  instruments  already  described,  the 
following  commntating  device,  due  to  the  author,  may  be 
employed,  and  which  enables  the  same  instrument  to  be 
used  with  two  degrees  of  sensibility,  the  one  exactly  a 
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certain  knoton  number  of  times  the  other.  This  arrange- 
ment ia  very  convenient  when  an  ammet«r  has  at  one 
time  to  be  used  to  nccurately  measure,  say,  the  cnnent 
passing  through  an  aro-lamp,  which  may  be  20  or  more 
amperes,  and  at  another  time  to  measure  with  eqiud 
accuracy  that  passing  through  an  incandescent  lamp, 
which  will  most  probably  be  less  than  one  ampere,  or 
when  the  same  voltmeter  is  to  be  employed  to  tneasiire 


the  F.  D.  at  the  terminals  of  a  dynamo  machine,  and 
which  may  be  100  or  more  voltJi,  and  the  P.  D.  at  the 
terminals  of  five  or  six  cells.  Further,  this  power  of 
varying  the  sensibility  in  a  hwum  ratio  is  of  esjiecial  con- 
venience in  enabling  an  ammeter  which  is  to  be  employed 
for  measuring  strong  curi-ents,  or  a,  voltmeter  that  is  nsed 
for  measuring  large  P.  Ds.,  Lo  be  accuraUly  calibrated 
by  using,  in  the  one  case,  known  currents,  and  in  the 
other  known  P.  Ds.  only  one-tenth  as  large  as  the  instru- 
ment can  be  employed  to  measui-e.  The  devioe  consists 
in  winding  the  instrument  with  a  itrattd  of  g^paratt 
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wires  instead  of  merely  oae  wire,  and  employing  a 
"  eoiiniMlatoT,"  by  means  of  which  the  current  can  be 
made  to  go  either  through  all  the  wires  in  parallel,  as  if 
through  a  single  thick  wii-e,  or,  instead,  through  the  wires 
one  after  the  other  in  gerUs,  as  if  the  instniment  were 
wound  with  one  long  fine  wire.  Snch  a  commutator  is 
seen  under  a  cover  at  the  back  of  the  ammeter  shown  in 
Fig.  26,  page  76,  and  the  commutator  with  tlie  cover 


removed  is  shown  in  Fig.  168,  part  of  the  side  and  some 
of  the  springs  being  removed  to  show  the  remainder  niore 
clearly.  One  end  of  each  of  the  wires  is  permanently 
attached  to  the  npri^^t  springs  «j,  ^,  g^  te.  (Fig  169), 
on  one  side  of  tiie  ebonit«  barrel  of  tJie  commutator 
cc,  and  the  other  end  of  each  of  the  wires  to  one  of 
the  upright  springs  •',  «',,  »'^  <bc.,  on  the  other  side 
of  the  l^rrel.  In  one  of  the  positions  of  the  commu- 
tator, all  the  springs  on  one  side  are  electrically  con- 
uected  together  by  a  platinised  strip  of  brass  b  B,  in- 
serted in  the  barrel  of  the  commutator  parallel  to  its 
axis  of  rotation,  and  all  the  springs  on  the  farther  side 
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are  (dw)  connected  hy  a  nmiUF  piece  of  tnettl  b'  b', 
inserted  in  the  other  side  of  the  ebouita  fadrrel,  the 
ti|j«  of  the  ^ringB  being  alao  platinised  to  insure 
good  contact.  The  terminiila  marked  P,  P  a,  seen  at  the 
bnck  of  Fig.  26,  are  penoaneutly  connected,  bj  pieces  of 
thick  wire  in  the  base  of  the  instrument,  to  the  first  of 
each  of  the  springs  *  „  t\,  on  the  two  sides  of  the  b«rrel, 
heoce  the  connections  are  now  as  shown  symbolicalty 


Fig.  170. 

in  Fig.  169.  I^  however,  the  barrel  of  the  commutator 
be  turned  through  a  right  angle,  the  metal  bars  b  b,  b'  s' 
are  removed  from  the  postiw)  in  which  they  touch  the 
springs,  and,  instead,  pins  p„  p^  pj,  &c.,  inserted  through 
the  barrel  at  right  angles  to  its  axis,  now  make  the  follow- 
ing connections  as  seen  in  Fig.  170  ;  the  broad  spring  «,  is 
connected  with  s'„  the  spring  s,  with  «',,  &c.,  so  that  the 
coils  are  connected  in  series,  and  a  current  entering  the 
instrument  at  the  terminal  P  B  leaves  it  hy  that  marked 
s,  which  is  connected  with  «',„  having  passed  through  all 
the  wires  in  succession. 

The  terminal  s  in  the  symbolical  figures  169.  170  is 
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drawn  inside  the  wires  in  the  position  that  the  needle 
would  occupy  in  the  actual  instrument,  "f  his  is  merely 
to  prevent  the  wire  which  connects  s  with  the  spring 
«'„  having  to  cross  the  other  wires,  and  so  producing  con- 
fusion in  the  figures. 

If  all  the  coils  were  far  away  from  the  needle,  and  all 
occupied  practically  the  same  position  relatively  to  it, 
the  sennbUUy  of  the  instrument  when  cUl  Hie  wires  were 
in  series  toould  bear  to  the  sensibility  when  t/iey  were  aU 
in  parallel,  a  ratio  simply  eqtud  to  the  number  of  separate 
wires  employed,  quite  independently  of  the  way  the  cur- 
rent divided  itself  among  the  wires  when  they  were  in 
paralleL  But  if  to  obtain  greater  sensibility  they  be 
wound  on  the  bobbiu  close  to  the  needle,  some  of  them 
will  be,  on  the  whole,  nearer  to  it,  and  therefore  have  a 
greater  magnetic  effect  for  the  same  current  than  the 
rest,  and  it  will  be  necessary,  in  order-  that  the  simple 
ratio  of  the  sensibilities  given  above  shall  exist,  that  the 
current  shall  divide  itself  equally  among  the  wires  when 
in  parallel  For,  since  the  same  current  passes,  of*  course, 
through  each  of  the  wires  when  they  are  in  series,  it 
follows  that,  if  matters  be  so  arranged  that  equal  currents 
also  pass  through  them  all  when  in  parallel,  any  particu- 
lar coil  will  produce  the  same  proportion  of  the  total 
magnetic  effect  whether  the  commutator  be  turned  to 
aeries  or  to  paralleL  Now,  to  insure  that  when  the 
commutator  is  turned  to  parallel,  equal  currents  shall  pass 
through  all  the  coils,  it  is  necessary  that  they  should  be  of 
exactly  the  same  resistance,  and  this,  therefore,  is  the  con- 
dition fufilled  in  construddng  commutator  instruments. 

In  the  ammeter  seen  in  Eig.  26,  page  76,  ten  coils  of 
equal  resistance  have  been  wound  on  the  bobbing  and 
hence  the  ratio  of  the  instrument  in  the  two  positions  of 
the  commutator  are  as  1  to  10;  the  scale,  therefore, 
has  two  sets  of  graduations,  the  angular  deflection  on 
the  one  to  be  used  when  the  commutator  is  turned  to 
parallel,  corresponding  with  ten  times  the  number  of  am- 
peres indicated  by  the  other. 
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The  binding  screws  p  and  p  b  are  made  so  that  a  thick 
wire  can  be  attached  to  them,  while  s  has  so  small  a 
hole  in  it  that  only  a  fine  wire  can  be  put  in  it ;  hence 
the  wires  used  to  convey  large  currents,  which  come 
from  a  dynamo  machine,  for  example,  can  only  be  at- 
tached to  p  and  p  8,  and  not  to  s,  hence  there  is  no  fear 
of  either  of  them  being  attached  to  the  wrong  binding 
screw  ;  and,  further,  as  will  be  seen  from  Figs.  169, 170, 
the  strong  cuirent  can  only  pass  through  the  instrument 
when  the  commutator  is  turned  to  parallel.  Hence,  even 
if  it  be  accidentally  turned  to  senes  while  the  instru- 
ment is  connected  with  a  dynamo,  for  example,  or  a  large 
battery  of  cells,  the  current  will  be  interrupted  instead 
of  being  allowed  to  pass  through  all  the  coils  in  seri^ 
which  would  probably  bum  them  up,  or  would,  at  anjr 
rate,  in  consequence  of  the  sensibility  of  the  instrument 
being  increased,  say  ten  times,  knock  the  pointer  violently 
against  the  stops,  which  are  inserted  to  limit  its  motion, 
and  damage  it 

22S.  Calibrating  a  Commutator  Ammeter. — ^Fb^t 
plan :  Turn  the  commutator  to  series  so  that  only  a 
small  current  is  required  to  produce  a  fairly  large  deflec- 
tion, place  the  ammeter  in  series  with  a  silver  voltameter, 
and  calibrate  by  the  method  described  in  §  207,  page  395. 
Second  plan :  Turn  the  commutator  to  series,  connect 
the  terminals  of  a  cell  of  which  the  E.  M.  F.  is  known 
aocur€Ueli/f  with  the  binding  screws  s  and  p  a  (Fig.  26, 
page  76).  Let  it  be  E  volts,  and  let  a  reading  a^  on 
the  ammeter  be  obtained.  Take  out  the  plug,  seen  to 
the  left-hand  side  of  Fig.  26,  which  has  the  effect 
of  introducing  a  resistance  of  one  ohm  into  the  circuit 
when'the  commutator,  as  at  present,  is  turned  to  series. 
Let  the  reading  on  the  ammeter  be  now  o^.  The  am- 
meter we  will  suppose  to  be  so  constructed  that  the 
angular  deflection  is  proportional  to  the  current  (see  §  35, 
page  71),  and  to  have  been  originally  direct-reading ;  but 
from  the  permanent  magnet  having  become,  say,  weakened 
since  the  instrument  was  adjusted,  the  readings  are  now 


Ghap.Vin.1   CALIBRATING  C0MMT7TAT0B  MBTBB8.  433 

too  large,  so  that  K  times  the  reading  gives  the  current 
in  amperes  where  K  is  a  constant,  less  than  unity,  the 
value  of  which  we  have  to  determine.  If  r  be  the  re- 
sistance of  the  cell,  together  with  that  of  the  instrument 
(both  of  which  may  be  unknown),  when  all  the  coils 
are  in  series,  the  current  in  the  first  case  is 

E 

—  ampersBi 


and  in  the  second  case 

£ 


r  +  1 


ampereSi 


E        _ 


and 


E 


Eliminating  the  unknown  resistance  r,  we  have 

The  soft  iron  cores  f  (Fig.  27,  page  77)  should  now  be 
adjusted  until,  on  making  the  preceding  experiment,  K  is 
found  to  equal  unity,  when  the  instrument  will  be  pro- 
perly adjusted  for  both  the  "series"  and  "parallel'' 
scales  (Eig,  26,  page  76). 

Of  these  two  plaiis  of  calibration  the  first  is  more  ac- 
curate than  the  second. 

323.  Calibrating  a  Oommutator  Voltmeter.  —  A 

voltmeter  is  more  sensitive  when  all  the  coils  are  in 
parallel  than  when  they  are  in  series ;  hence,  turn  the 
oommutator  to  parallel,  and  attach  to  the  proper  binding 
screws  the  terminals  of  a  cell  of  known  E.  M.  F. ;  then, 
if  6  be  the  resistance  of  the  cell,  and  r  that  of  the  volt- 
oo 
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meter  when  all  the  obila  are  in  parallel  (both  of  which 
refiistanoes  may  be  unknown),  the  P.  D.  maintained  at 
Uie  terminals  of  the  voltmeter  will  be 

£  volts  (see  §  128,  page  224>. 


Remove  the  plug,  which,  in  the  case  of  a  commutator 
voltmeter,  inserts  a  resistance  equal  to  that  of  the  in- 
strument when  all  the  coils  are  in  parallel  The  P.  D. 
maintained  at  the  terminals  of  the  voltmeter  is  now 

2r 

E  volts, 


2r  +  6 

but  the  P.  D.  at  the  terminals  of  tlie  coils  of  the  volt 
meter,  which  is  sending  the  current  through  them,  is  only 

r 


2r  +  b 


E  volts. 


Hence,  if  O}  and  a,  be  the  deflections  produced  in  the  two 
cases  on  the  direct-reading  voltmeter,  and  if  we  suppose 
that  they  require  multiplying  by  an  unknown  constant 
K  to  convert  them  into  volts, 


rE=Kai, 


E=:Ka^ 


2r  +  6 
eliminating  the  unknown  resistances  r  and  b^  w« 


have 

-  IT.  ?1Z^« 


K  =  E  —  • 


and,  as  in  the  case  of  the  ammeter,  the  soft  iron  cores  F 
(Fig.  27,  page  77)  must  be  adjusted  until  K  equals 
unity. 
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224.  Best  Beristance  to  give  to  a  Oalvanometer. 

— ^Tbe  considerations  given  in  §  217,  page  418,  enable  us 
to  solve  this  question,  for  it  was  shown  there  that  the 
magnetic  effect  produced  bj  the  ooils  of  a  galvanometer 
of  given  shape  and  size  is  proportional  to  G  ^/g'^  where 

G  is  the  current  flowing  through  the  galvanometer,  and  g 
tlie  resistance  of  the  coils.  Our  object^  now,  is  to  see 
what  should  be  the  value  of  g^  or,  in  other  words,  what 
gauge  of  wire  should  be  used  in  winding  the  galvano- 
meter, in  order  that  G  ^  may  be  a  maximum.     To 

solve  this  problem  we  must  consider  what  are  the  condi- 
tions as  to  the  rest  of  the  circuit. 

1st  Let  the  circuit  be  a  simple  one,  consisting  of  a 
battery  of  fiaosd  K  M.  F.  equal  to  £  volts,  and  resistance 
of  6  ohms  in  series  with  v^  faced  resistance  of  r  ohms,  and 
the  galvanometer,  then 

h  +  r  ^  g 

The  expression  on  the  right-hand  side  is  of  the  same 
form  as  the  expression  in  §  136,  page  244,  the  $  of  that 
expression  being  replaced  by  y/g  in  the  above.  Con- 
sequently the  value  of  ^  that  will  make  the  above  ex- 
pression a  maximum,  can  be  found  by  giving  fixed 
numerical  values  to  E  and  5  4-9*,  and  then  drawing  a 
curve  similar  to  that  shown  in  Fig.  93,  page  245,  having 
for  its  abscisssB  values  of  ^g^  and  for  its  ordinates  the 

oorresponding  values  of 

E  .- 

6+r  +  ir^^- 

From  this  curve  we  should  see  that  g  equal  to  ft  -f-  r 
makes  the  ordinate  a  maximum,  UThd  hence  to  obtain  the 
tnaximum  magneHc  effect  with  a  galvanometer  in  a  simple 
circuity  the  gauge  of  wire  wound  on  the  coils  of  t?te 
galvanometer  8ho%dd  he  such  as  wiU  make  the  rtsistana 
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of  ike  gabnmomeier  equal  to  thai  of  the  reel  of  the  eircuU. 
WbeB  memsoringy  therefore,  a  remstanoe  of  many  m^- 
ohms  by  the  m^od  described  in  §  149,  page  277,  tfa^ 
wire  Qfled  in  winding  the  galvanometer  coils  sd^onld  be  aa 
fine  as  can  be  conTeniently  wound  on. 

2nd.  Let  the  galvanometer  be  a  differential  one,  the 
resistance  of  each  of  its  coils  being  g  ohms ;  let  the  re- 
sistance of  the  portion  A  (Fig.  59,  page  149)  be  fixed 
and  equal  to  r  ohms,  and  that  of  the  portion  B  equal  to 
r  -^  p  ohms,  p  having  a  very  small  fixed  value  relatively 
to  r,  since  it  is  only  when  balance  is  nearly  established, 
and  the  deflection  on  the  galvanometer  is  very  small, 
that  it  is  of  interest  to  determine  what  is  the  best  value 
to  give  to  the  galvanometer  coila  Let  E  volts  be  the 
K  M.  F.  of  the  battery  inserted  between  the  points  P 
and  Q,  and  b  ohms  its  resistance. 

Hien  from  §  137,  page  253,  the  current  through  the 
circuit  A  is 

{r4'ff+p)'R ^ 

h{2r  ^  2g  -b  p)  -\-  {r  +  g){r  +  g  +  p)  ""P®*^ 

and  that  through  the  circuit  B  is 

(r  +  i^)  E 


h(2r+2g-\-p)-^{r-\-g){r'^g+p) 


amperea 


Hence  )  e  magnetic  effect  on  the  needle,  which  is  equal 
to  the  difference  of  the  magnetic  effects  of  the  two 
coils,  is 

P^./9 

b(2r-\-2g-\-p)-\-{r+g){r-\-g-\-p) 

Since  p  is  very  small  compared  with  r,  ibis  is  approx> 
mately  equal  to 

2  6  (r -h  y) -h  (r -h  ^)i' 
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which  may  be  written  in  the  form 

{r+g  +  by-b»' 

To  determine  the  value  of  g  that  makes  this  a  maxi- 
mum, we  may  give  fixed  numerical  values  to  p,  E,  r,  and 
5,  and  draw  a  curva  Grenerally,  however,  6,  the  battery 
resistance,  is  small  compared  with  r  and  g,  hence  for  all 
practical  purposes  we  may  regard  the  magnetic  effect  on 
the  nee<lle  of  a  differential  galvanometer  as  being  ap- 
proximately equal  to  the  simple  expression 

(r  +  gy' 

Drawing  a  curve  with  values  of  g  for  abscissse,  and  the 
corresponding  values  of  the  expression  for  ordinates,  we 
find  that  the  maximum  ordinate  corresponds  with  tlie 

value  of  g  equal  to  -q.     Hence,  to  obtain  the  mcusimum 

magnetic  effect  with  a  differential  galvanometer^  the  two 
coils  shovld  be  wound  with  such  a  gauge  of  wire  that  the 
resistance  of  each  of  them  equals  one-third  of  t/ie  resist- 
ance to  he  tested 

3rd.  Let  the  galvanometer  be  that  used  on  a  Wheat- 
stone's  bridge.  This  problem  is  more  difficult  to  solve, 
but  the  mode  of  determining  the  value  of  g  that  makes 
the  magnetic  effect  a  maximum  for  a  fixed  small  in- 
equality in  the  ratios  of  the  resistances  of  the  pairs 
of  arms,  is  given  in  §  237,  page  466,  and  the  result  has 
already  been  indicated  in  §  98,  page  172. 

Example  104. — ^An  ammeter  has  been  constructed  so 
as  to  measure  currents  varying  between  10  and  50  am- 
peres, and  it  is  desired,  without  altering  anything  but 
the  gauge  of  wire  used  to  wind  it,  to  adapt  it  to  measure, 
inst^Ml,  currents  varying  between  3  and   15  amperes. 
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What  should  be  the  redBtanoe  of  the  inatrament  after 
re-wmding  compared  with  its  present  reBistanoet 

hbC  a  be  the  present  resistance  in  ohms,  and  x  the 
requii^  resistance  after  re- winding,  then  from  §  217, 
page  418, 

3  v^=  10  v<B^ 

'    "     a  "■    9    ' 

An»toer. — ^The  resistance  after  re- winding  should  be 
11*11  times  the  present  resistanca 

Example  105. — An  ammeter  so  constructed  that  the 
deflections  are  proportional  to  the  currents,  and  having  a 
resistance  of  0*0015  ohm,  gives  a  deflection  of  40^  when 
a  current  of  22  amperes  passes  through  it.  What  should 
be  the  resistance  of  another  ammeter  in  every  way 
similar  to  the  former  one,  except  as  to  the  gauge  of 
wire  employed  in  winding  the  coils,  so  that  it  may  be 
direct-reading,  degrees  corresponding  with  amperes  f 

We  wish  that  a  deflection  of  40°  shall  be  produced 
by  40  amperes  instead  of  by  22  amperes,  therefore,  if  x 
be  the  required  resistance  in  ohms, 

40  >/«  =  22  %/0-00l5, 
.  • .     aj  =  0-0004536. 

Ansioer. — 453*6  microhma 


Example  106. — ^When  a  P.  D.  of  120  volts  is  main- 
tained at  the  terminals  of  a  certain  voltmeter  having  a 
resistance  of  1,235  ohms,  the  pointer  is  deflected  to  the 
end  of  the  scale.  The  instrument  has  to  be  re- wound  with 
wire  of  such  a  resistance  that  the  same  deflection  shall  be 
produced  with  a  P.  D.  of  170  volts.  What  should  be  the 
i'esistance  after  re-winding  1 

The  current  that  deflects  the  pointer  to  the  end  of  the 

.120 
scale  in  the  first  case  is  r~r^.  amperes,  and  after  re-winding 
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170 
it  will  be amperes,  if  ob  be  the  new  redstaQoe  of  the 

OS 

instrameDt  in  ohms,  therefore 

120      .v-^^        170    jr- 

\/L235  =     -  y/x, 

1,235        '  »       ^ 

120  *      170 
or-__=-=. 

v^l,235      vx 
Henoe  x  =  2,477. 

An8iDer, — 2,477  obmpb 

Example  107. — With  a  voltmeter  wound  according 
to  a  certain  law  as  regards  variation  of  thickness  of  wire 
with  the  radios  of  the  convolution,  and  having  wire  0*012 
of  an  inch  thick  for  the  innermost  convolution,  the  pointer 
deflects  over  the  portion  of  the  dial  that  is  graduated 
when  the  P.  D.  varies  from  30  to  150  volts.  If  the  in- 
strument be  re-wound  according  to  the  same  law,  but  with 
the  innermost  layer  consisting  of  wire  0*015  of  an  inch 
thick,  what  will  be  the  range  of  the  instrument  1 

If  r  be  the  resistance  of  the  voltmeter  before  re-wind* 
ing,  and  r'  that  after  re- winding, 


r        \0015/' 


and  if  Y  be  the  P.  D.  in  volts  required  to  deflect  the 
pointer  to  the  higher  end  of  the  scale  after  re-winding 


r 


•  • 


y  _  150 
v=/o*oi2y^j,^ 

^0015/ 


=  96  volta. 
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Similarly  the  P.  D.  corresponding  with  the  lower  end  of 
the  scale  will  be 

/0;012\"^  30,  or  19-2  volts. 
VO-016/ 

Answer, — After  rewinding,  the  range  of  the  voltmeter 
will  be  from  19*2  to  96  volts. 

Example  108.— When  a  P.  D.  that  will  deflect  the 
pointer  to  the  end  of  the  scale  is  maintained  at  the  ter- 
minals of  a  voltmeter,  it  is  found  that,  due  to  the  heating 
of  the  coil  by  the  passage  of  the  current,  the  reading 
diminishes  by  5  per  cent,  at  the  end  of  a  considerable 
time.  If  the  resistance  of  this  voltmeter  be  100  ohms, 
and  if,  instead  of  using  the  voltmeter  alone,  it  be  put  in 
series  with  an  outside  resistance  of  1^000  ohms  made  of 
platinoid  wire,  by  how  much  per  cent  will  the  voltmeter 
reading  fall  off  on  account  of  the  heat  produced,  when  the 
platinoid  wii*e  is  of  such  a  thickness  that  its  resistance  is 
only  increased  by  y^th  per  cent,  on  a  current  being  kept 
for  a  considerable  time  passing  through  it  strong  enough 
to  deflect  the  voltmeter  pointer  to  the  end  of  the  scale  t 

When  the  pointer  is  deflected  to  the  end  of  the  scale, 
the  voltmeter  resistance  increases  by  5  per  cent.,  that  is, 
from  100  to  105  ohms,  while  the  resistance  of  the  out- 
side coil  of  platinoid  wire  increases  by  only  y^th  per  cent., 
that  is,  from  1,000  to  1,001  ohms.  Therefore  the  total 
increase  of  resistance  is  from  1,100  to  1,106,  or  an  in- 
crease of  0*55  per  cent. 

Ansioer. — With  the  outside  resistance  the  maximum 
deflection  will  fall  off  by  0*55  per  cent. 

Example  109.— If  the  voltmeter  referred  to  in  example 
106  be  i-e- wound  so  that  the  pointer  is  deflected  to  tiie 
end  of  the  scale  when  a  P.  D.  of  3  volts  is  maintained 
between  the  voltmeter  terminals,  by  how  much  will  the 
E.  M.  F.  of  an  accumulator  having  a  resistance  of  0*001 
of  an  ohm  appear  to  be  lowered  if  it  be  measured  with 
the  voltmeter  so  re-wound  9 
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Let  X  ohms  be  the  resistance  of  the  TOftmeter  after 
re-wmding,  then 

3    _     120 

.-.  «  =  0-7716. 

If  E  volts  be  the  E.  M.  F.  of  the  accnmnlator,  and  T 
the  P.  D.  between  its  terminals  when  thej  are  joined  by 
the  voltmeter,  then 

0-7716 

■"0-7716  +  0001 
Anaiwer. — ^The  E.  M.  F.  is  diminished  by  0-12  per  oent 


CHAPTER    IX 

POWBB  AND  ITS   MEASUBEMENT. 

S2K.  Power  — 226.  Watt  — 227.  Wattmeter  —  228.  Dutribation  oi 
Power  in  a  Oircmt — 229.  Ouzrent  that  Develops  the  Maximum 
Uiefol  Powei^230.  Effioienoy— 231.  Measuring  the  Efficiency  of 
an  Electxio  light — 232.  Dispersion  Photometer— 233.  Efficiency 
and  life  of  Incandescent  Lamps. 

225.  Power. — *^  Power  ^  is  the  name  given  to  the 
rate  of  doing  work,  and  it  must  be  carefully  distinguished 
from  the  amount  of  work  done,  there  being  the  same 
sort  cf  difference  between  potoer  and  work,  that  there  is 
between  a  velocity  and  a  distance.  When  a  constant 
current  is  flowing  through  a  circuit,  at  the  terminals  of 
which  a  constant  P.  D.  is  maintained,  the  power  given  to 
that  circuit  and  expended  in  its  circuit  is  constant^  and 
is  measured  by  the  rcUio  of  the  work  done  in  any  time^ 
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divided  by  the  time  in  which  the  woi^  is  done.  I( 
however,  either  the  current  or  the  P.  D,  be  fluotnatingf 
the  power  is  also  varying  in  amount^  and  the  rate  of 
doing  work  at  one  moment  is  greater  or  less  than  that  at 
a  subsequent  one.  In  such  a  case  we  mean  by  the  power 
expended  at  any  moment,  not  the  actual  work  done  in  a 
minute  or  even  in  a  second,  but  the  following : — ^Measure 
the  woi^  done  in  a  ffery  short  tame,  a  portion  of  whidi 
precedes,  and  the  remainder  of  which  foUows  the  in- 
stant at  which  we  wiah  to  measure  the  power,  divide 
the  work  done  in  the  very  ihort  time  by  tlmt  time,  then 
the  ratio  more  and  more  nearly  represents  the  power 
being  expended  at  the  moment  in  question  as  we  make 
the  very  short  time  shorter  and  shorter. 

Whether,  however,  the  power  given  electrically  to  a 
circuit  and  expended  in  it  be  constant  or  not,  it  is  very 
easily  measui^  for  the  work  done  in  i  minutes  in  a 
circuit  through  which  A  amperes  flow,  and  at  the  ter- 
minals of  which  a  P.  D.  of  Y  volts  is  maintained,  is 

44*25  A  Y<  foot  pounds 

(sM  §  114,  page  201),  therefore  it  follows  that  the  power, 
measured  in  foot  pounds  per  minute,  equals 

44-25  AV; 
or,  measured  in  foot  pounds  per  second,  equals 

0-7375  A  V; 
or,  measured  in  horse-power,  equals 

^or    000134  AV. 

A  and  Y  being  the  amperes  and  volts  obtained  by  a 
timuUan&oiui  measurement  of  the  current  and  P.  D. 
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23&  Watt— A  **  ioaU  "  is  the  power  developed  in  a 
circuit  when  one  ampere  Aomts  through  it^  and  when  the 
P.  D.  at  its  terminals  is  one  volt,  hence  the  number  of 
watts  developed  in  any  circuit  equals  the  product  of  the 
current  in  amperes  flowing  through  it  into  the  P.  D.  at 
its  terminals  in  volts.     Therefore 

1  watt  Ib  the  power  developed  when  44*S6  foot 
pounds  are  done  per  minute. 

1  watt  is  the  power  developed  when  0*7876  foot 
pounds  are  done  per  second. 

1  watt  equals  rrgth  of  a  horse-power. 

Example  110. — ^If  an  incandescent  lamp  give  an 
illumination  of  16  candles  when  0*7  ampere  passes 
through  it,  and  110  volts  are  maintained  at  its  terminals, 
how  many  watts  are  required  per  candle  1 

Aivnver, — 4*8. 

Example  111. — How  many  watte  must  be  expended 
to  send  a  current  of  5  amperes  through  a  resistance  of 
10  ohms) 

If  y  be  the  P.  D.  maintained  at  the  terminals  of  the 
resistance, 

V  =  5  X  10, 

•  * .     the  power  =  5  x  50. 

Answer, — 250  watta 

This  question  may  also  be  solved  thus  : — If  a  circuit 
consist  simply  of  a  conductor  of  resistance  r  ohms,  and 
in  which  there  is  no  E.  M.  F.,  so  that  the  power  is  simply 
expended  in  heating  the  conductor,  the  work  done  in  i 
minutes  equals 

44-25  A«rl 

(see  §  114,  page  201).  Hence,  in  such  a  case,  the  number 
of  watts  equals 

A«r. 
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Hence,  in  the  present  example, 

the  power  =  25  x  10. 

Answer. — 250  watta. 

Example  112. — If  each  incandescent  lamp  reqaire 
3  watts  to  make  it  glow  properly,  how  many  such  lamps 
can  be  illuminated  by  the  expenditure  of  one  horse-power 
in  the  circuit  1 

Anstoer, — 248  lamps  if  a  very  little  too  bright,  or 
249  if  a  very  little  too  dull. 

Example  113. — If  an  electric  horse-power  cost  £lb 
per  annum  for  5  hours  per  nighty  what  is  the  value  of 
one  watt-hour  ? 

One  watt  being  the  y^th  part  of  a  horse-power, 
and  one  hour  the  Y^^-eth  part  of  the  time  during 
which  the  hurse-power  is  supplied,  it  follows  that  the 
value  of  one  watt  hour  is 

15 
^  746 1825 '  ^'  *^^^*  *^®  ^*^  ^^  *  farthing. 

227.  Wattmeter. — ^The  watts  being  expended  in  any 
circuit  can,  as  we  have  seen,  be  ascertained  by  a  nmtd- 
taneotis  measurement  of  cuirent  and  P  D.,  and  since  we 
generally  desire  to  know  the  current  and  the  P.  D.  as 
well  as  the  watts,  the  sim^ultaneotu  measurement  of  the 
two  former  is  usually  employed  to  give  us  the  latter.  By 
the  employment,  however,  of  a  "  loattmeter"  it  is  possible 
to  measure  the  watts  directly.  This  instrument  consists 
of  two  coils,  one  of  thick  wire  placed  in  the  main  circuity 
like  o  (Fig.  71,  page  190),  and  therefore  traversed  by  the 
whole  current,  the  other  oijlne  wire  put  like  c,  as  a  shunt 
to  o,  the  part  of  the  circuit  in  which  we  wish  to  ascertain 
the  expenditure  of  power.  Instead,  however,  of  the  cni^ 
rents  passing  through  these  two  coils  acting  on  a  needle  as 
they  do  in  the  ohmmeter,  they  act  on  one  another  in  a 
wattmeter  in  the  same  way  as  do  the  currents  flowing 
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through  a  Siemens'  dynamometer  (§  199,  page  377).  In 
fact,  if  one  of  the  coils  in  a  Siemens'  dynamometer  be 
made  of  fine  wire,  and  if  instead  of  the  two  coils  being 
connected  in  series  with  one  another  they  be  placed  as 
are  the  coils  c  and  c  relatively  to  o  (Fig.  71,  page  190), 
the  instrument  becomes  a  wattmeter^  for  the  couple  mea- 
sured by  the  rotation  of  the  pointer  M  (Figs.  151,  152, 
pages  379,  380)  will,  in  this  case,  measure  the  product 
of  the  whole  current  passing  through  o  into  the  P.  D. 
maintained  at  its  terminals  —  that  is,  the  number  of 
watts  expended  in  o. 

Instruments  of  this  kind  have  been  made  by  M. 
Deprez,  the  author,  Sir  William  Thomson,  and  the  late 
Sir  William  Siemens. 

The  main  error  in  wattmeters  is  the  heating  error 
that  occurs  in  voltmeters  (see  §  212,  page  407),  and  it 
may  be  overcome  by  using  the  same  means  as  are  em- 
ployed for  obviating  this  defect  in  voltmeters  {see  §  218, 
page  421). 

228.  DlBtribution  of  Power  in  a  Cirouit.— Of  the 
power  developed  by  a  current  generator,  say  P  watts, 
when  it  is  sending  a  current  through  an  external  circuit, 
one  portion,  say  P^  watts,  is  wasted  in  heating  the  gene- 
rator itself,  and  the  remainder,  say  P^  watts,  is  utilised 
in  the  external  circuit.     And  in  all  cases 

P  is  equal  to  the  product  of  the  current,  in  amperes, 
into  the  X.  M.  F.  of  the  generator,  in  volts. ' 

?!  is  equal  to  the  product  of  the  square  of  the  current, 
in  amperes,  into  the  resistance  of  the  generator, 
in  ohms. 

Pji  is  equal  to  the  difference  between  P  and  P^. 

If  the  outside  circuit  consist  simply  of  a  conductor 
having  resistance,  but  contain ing  no  voltameters  nor 
electromotors  in  motion — in  fact,  nothing  that  can  pro- 
duce an  E.  M.  F. — the  power  P  developed  by  the  generator 
will  be  divided  between  the  genei^ator  and  tlie  outsido 
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circuit  directJy  as  their  resistaiices,  ao  that,  if  R  be  the 
reflistanoe  of  the  generator,  and  r  that  of  the  outside 
oircuiti 

and     Po  =  — - —  P. 
^       r  +  R 

But  if  there  be  an  E.  M.  F.  in  the  outside  circuit,  then 
neither  of  the  two  last  equations  will  be  tine,  but  in  all 
cases  the  three  rekiiionshipa  given  above  wiU  hold — ^that  ia^ 
if  the  R  M.  F.  of  the  generator  be  £  volta^ 

P    =:AE, 

Pi  =  A2R, 

Pj  =  AE-A»R 

=  A(E-AR). 

BoBomple  114. — A  battery  consisting  of  4  Darnell's 
cells  in  series,  and  2  in  parallel,  is  employed  in  sending  a 
current  through  a  simple  conductor,  having  a  resistance 
of  2  ohms.  If  the  K  M.  F.  of  each  cell  be  1  -  07  volts,  and 
the  resistance  0-8  ohm,  how  many  watts  are  developed 
by  the  battery,  how  many  are  employed  in  heating  the 
external  resistance,  and  how  many  are  wasted  in  heating 
the  battery  % 

The  current  produced  =  

2  +  *-2iO± 


s  1*189  amperes; 

the  battery  j 

=  5-089  watta; 
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h 


*  .  \ 


the  watts  employed  in  ^  ^ 

heating  the  external  >  =  —  ^  5*089 
reeistanoe  j         ^'^ 

s=  2-827  watts ; 

*^t  "?**" .rS^'S^  ^\   =6-089 -2-827 
heating  the  battery      ) 

=  2-262  watta 

Example  115. — What  most  be  the  resistance  of  a 
nirrent  generator  so  that  95  per  cent  of  the  power  pro- 
duced by  it  shall  be  given  to  the  outside  circuity  consist- 
ing of  a  simple  conductor  having  a  resistance  of  35 
ohmsl 

We  have =s  — , 

35  +  B        100 

if  R  be  the  resistance  of  the  generator ; 

.•.     R  =  1-842. 

Afuwer, — 1*842  ohms. 

Example  116. — If  a  Cardew's  voltmeter  be  used  to 
measure  the  P.  D.  of  the  incandescent  lamp  referred  to 
in  example  110,  how  many  watts  are  absorbed  in  the 
voltmeter,  and  what  is  the  ratio  of  the  watts  absorbed  in 
the  voltmeter  to  the  watts  used  in  the  lamp  1 

From  Table  I.,  page  154,  we  see  that  the  resistance 
at  0°  C.  of  13  feet  of  platinum-silver  wire  0-0025  of  on 
inch  in  diameter  is 

9-603x13x12x4  ^.^^^ 
ir  X  0-0025« 

or  if  we  assume  that  the  resistance  is  increased  by  5  per 
cent  by  the  elevation  of  temperature,  the  resistance  will 
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be  319  ohmB  Therefore  the  number  of  watts  absorbed 
in  the  voltmeter  equals 

—  or  37-93  watta 
319 

The  number  of  watts  used  in  the  lamp  is  77,  therefore 
about  half  as  many  watts  are  absorbed  in  the  voltmeter 
as  are  used  in  this  lamp. 

229.  Current  that  Develops  the  Maximum  TTBeital 
Power. — ^The  power  used  in  heating  a  current  genera- 
tor is  generally  entirely  wasted,  and,  in  addition,  if 
allowed  to  become  excessive,  will  prevent  the  generator' 
working  properly,  whereas  all  the  power  given  to  the 
outside  circuit  may  be  utilised  with  proper  arrangements. 
The  problem  of  ascertaining  the  current  that  will  develop 
maximum  useful  power  may  be  solved  either  on  the 
assumption  that  the  generator  is  fixed  and  the  external 
circuit  variable,  or  on  the  assumption  that  it  is  the  exter- 
nal circuit  that  is  fixed,  and  the  generator  is  the  thing  to 
be  varied. 

Ist.  Let  the  generator  have  fieed  values  of  £  and  B 
(which  will  be  the  case  for  a  battery,  a  set  of  accumula- 
tors, or  a  magneto-electric  machine  running  at  a  constant 
speed,  but  not  usually  for  a  dynamo  machine),  then  the 
equation 

P3  =  A(E-AR) 

shows  us  that  we  must  determine  the  value  of  A  that 
makes  this  expression  a  maximum,  in  order  to  find  the 
current  that  develops  the  maximum  useful  power.  To 
do  this,  give  numerical  values  to  E  and  B,  and  plot  a 
curve,  having  the  values  of  A  for  abscissae,  and  of  Pj 
for  ordiuates.  Such  a  curve  is  shown  in  Fig.  171,  the 
values  of  P2  being  calculated  on  the  supposition  that  E 
and  R  are  equal  to  2  and  3  I'espectively,  and  it  will  be 
seen  that  the  value  of  A  that  niakes  Pj  a  maximum  is 

A  =  A. 
2B 
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tJiat  is,  a  eurrmit  generator  having  a  fixed  E.  M.  F.  and 
renelanee  give*  mammum  povier  to  iJie  extemtd  circuit, 
when  that  eirouit  it  ntch  that  tA«  cwrrent  that  Jlotcs  m 
half  the  current  that  would  Jlow  if  the  generator  were 
thort-eireuited. 

We  do  not  say  th&t  the  oondnctor  mnst  have  a  resists 
ftnce  equal  to  that  of  the  generator,  since,  altbou^  this 


KS-ITL 

will  nndoubtedly  reduce  the  current  to  otie-faolf  if  the  out- 
nde  circuit  be  a  simple  conductor,  there  are  other  ways  of 
redurang  the  cnrrent  to  one-half,  Buch  as  the  insertion  of 
an  closing  E.  M.  F.  e(|ual  to  half  that  of  the  generator. 
When  A  has  the  value  given  \ty  the  last  equation, 
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Pi  =  7^. 


E» 


•nd    P,  = 


tiherefbre,  toith  a  current  generator  having  a  Jixed 
E.  M.  F,  and  resistance^  maadmium  power  will  be  given  to 
the  outside  circuit  when  the  power  developed  by  the  gene- 
sxUor  is  expended  half  in  the  outside  cvrcuit  and  half  in 
healing  the  generator  itself. 

On  the  other  hand,  maximiiTn  power  will  be  deve> 
loped  by  the  generator  when  maximum  current  flows 
through  it — ^that  is,  when  the  generator  is  short-cir- 
cuited. 

2nd.  Let  the  external  circait  consist  of  a  simple  con- 
ductor, and  let  its  resistance  be  fixed  and  equal  to  r 
ohms ;  also  let  the  current  generator  be  a  battery  con- 
sisting of  a  fixed  number  of  cells  N,  each  having  an 
R  M.  F.  of  e  volts,  and  a  resistance  of  b  ohms.  Then, 
since  the  power  developed  in  the  external  circuit  equals  the 
square  of  the  current  into  r,  and  since  r  is  a  constant^  it 
follows  that  the  arrangement  of  cells  that  will  give 
maximum  power  to  the  external  circuit,  is  that  which 
wiU  produce  the  maximum  current.  Il^ow,  tiiis  arrange- 
ment  we  have  seen  (§  136,  page  245),  is  that  which 
makes  the  resistance  of  the  battery  equal  to  the  ex- 
ternal resistance.  Hence,,  the  arrangement  of  a  given 
number  of  cells  that  gives  maoamum  power  to  a  simple 
conductor  having  a  fixed  resistance,  is  that  which  makes 
tJks  resistance  of  the  battery  equal  to  the  resistance  of  the 
conductor. 

With  this  arrangement  of  cells,  it  is  easy  to  see  that 
the  power  developed  by  the  battery  will-  be  twice  that 
given  to  the  external  circuit,  one-half  being  wasted  in 
heating  the  battery.  But  this  arrangement  of  cells  wiU 
not,  as  a  rule,  make  the  power  developed  by  the  battery 
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a  maximmiL  For,  as  shown  in  §  136,  page  244,  the  cur- 
rent equals 

-^  amperes, 

r+  — 

N 

and,  therefore,  t^e  power  developed  by  bhe  batterj 
equals 

—^  watts, 

r  +  — 

N 

which  equals.  watts, 

«3       N 

and  this  obviously  has  its  least  practical  value  when  • 
equals  unity,  that  is,  when  all  the  cells  are  in  parallel, 
and  has  its  largest  practical  value  when  s  equals  N,  that 
is  when  all  the  cells  are  in  series.  Hence,  if  the  resist- 
ance of  the  outside  circuit  be  less  than  that  of  the 
battery,  putting  all  the  cells  in  series  will  not  only  give 
less  power  to  the  outside  circuit  than  if  the  cells  be  so 
arranged  that  the  battery  resistance  is  equal  to  that  of 
the  outside  circuit,  but  it  will  waste  much  more  power, 
since  the  total  power  produced  by  the  battery  will  be 
greater. 

S80.  Effioiency.^— The  ^*  efficiency"  of  a  system  con- 
sisting of  a  current  generator  supplying  power  to  an  out- 
side circuit,  iis  the  ratio  of  the  power  given  to  the  outside 
cvrcuit  to  that  developed  by  the  genercOor, 

From  the  equations         P  =.  A  E, 

P,=  A(E-AR), 

we  see  that  in  all  cases  the  efficiency  equals 

B-AR. 
'  ■  j 
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hence,  the  efficiency  -will  be  the  greater  the.  larger  we 
make  E,  and  the  smaller  we  make  A  and  R. 

From  §  229  we  see  that  if  we  wish  a  carrent  genera- 
tor having  a  given  R  M.  F.  and  resistance  to  develop  €U 
fMich  power  as  possible  in  the  oatside  circuity  we  arrange 
matters  so  that  the  current  is  half  that  which  would  be 
produced  if  the  generator  were  short-circuited,  or,  what 
is  the  same  thing,  so  that  half  the  power  is  wasted 
in  the  generator  itself;  hence,  when  a  Grove's  battery  is 
employed  to  produce  a  bright  electric  lights  we  regulate 
the  lamp  so  that  the  P.  D.  at  its  terminals  is  ha^  the 
£.  M.  F.  of  the  battery.  Whereas  we  have  just  seen 
that  if  we  wish  a  current  generator  to  give  power  ectmor 
mically  to  the  outside  circuity  we  employ  a  generator 
having  a  very  large  £.  M.  F.,  and  allow  it  to  produce  only  a 
small  current ;  hence,  in  the  recent  electric  transmission 
of  50  horse-power  by  M.  Deprez  from  Oreil  to  Paris,  a 
distance  of  about  37  miles,  he  employed  an  K  li.  F.  of 
between  6,000  and  7,000  volts,  and  a  current  of  only  10 
amperes. 

2S1.  Measuring  the  Efflcienoy  of  an  Electric  Light 

— ^The  ''  efflciency  qf  an  electric  light "  is  the  ratio  of  the 
illuminating  power  qfthe  light  to  the  watts  supplied  to  it. 
To  measure  the  illuminating  power  we  use  a  "photo- 
meter,*^ the  simplest,  and  at  the  same  time  one  of  the 
most  accurate,  being  that  designed  by  Rumford.  A  form 
of  "  BumforcTs  photometer^*  is  seen  in  Fig.  172,  B  being 
the  electric  light,  an  incandescent  lamp,  for  example,  held 
in  a  convenient  adjustable  holder  h,  and  c  a  ''  sUindaTd 
candle,'*  which  is  a  special  form  of  candle  made  so  as  to 
bum  120  grains  of  spermaceti  wax  per  hour.*  The 
lamp  is  placed  at  a  convenient  distance  e  from  the 
screen  s,  which  is  covered  with  a  sheet  of  white  blotting 

*  For  rough  ezperimenti  on  fflnminatiiig  power,  Ifo,  8  tperm 
candUi,  oostiiu;  lid.  per  pound,  may  be  used  Baiisfaotoril^  instead  of 
■tandard  candlM  Zoning  2k  9d.  per  pound,  linoe'  ezpenm«oti  ihow 
the  Na  8  sperm  candles  do  not  differ  macdi  more  from  one  another,  or 
from  a  standard  oandle,  in  illaminating  power,  than  standard  oandles 
are  wid  to  differ  among  themselves. 
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paper,  and  the  candle  ia  moved  backwards  and  forwards 
along  the  graduated  arm  a  a,  until,  by  trial,  a  position  for 
it  IB  fonnd,  at  a  distance,  c,  say,  from  the  ecreen,  such 
that  the  two  shadows  cast  by  a  vertical  rod  of  blackened 
wood  R,  about  the  thickness  of  an  ordinary  pencil,  and 
fixed  at  about  two  inches  from  the  screeD,  appear  to 


Fig.  172. 

be  equally  dark.  Under  these  circumBtanceB,  as  the 
portion  of  the  screen  not  in  shadow  is  illuminated  by 
both  Moarcet  of  light,  whereas  the  two  parts  in  shadow 
are  each  illuminated  by  oidy  one,  wid  as  the  screen  s  and 
the  rod  b  are  so  placed  that  lines  drawn  through  the 
rod  and  through  each  of  the  lights  make  equal  angles 
with  the  screen,  it  follows  that,  when  the  shadows  are 
equally  dark,  the  quantities  of  light  falling  on  a  square 
inch  of  the  screen,  due  to  each  of  the  lights,  are  equal  \a 
one  another,  hence 

the  illuminating  power  of  the  electric  light       _^. 
H  ,,  n  tt       standard  candle       c* 
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The  correct  position  of  the  candle  which  produces 
equality  in  the  darkness  of  the  shadows  can  be  best 
detected  not  by  gittdnally  moving  the  candle  oontinnoQsly 
towards  or  away  from  the  screen,  but  by  trying  to  find  a 
position  such  that,  if  the  candle  be  put  a  little  nearer,  one 
of  the  sha4ow8  becomes  distinctly  too  dark,  whereas  if 
it  be  put  a  little  farther  away,  that  one  of  the  shadows 
becomes  distinctly  too  light. 

The  current  passing  through  the  lamp  is  measured 
by  an  ammeter  a,  and  the  P.  D.  maintained  at  the  lamp 
terminals  by  the  voltmeter  v,  the  product  of  the  amperes 
and  the  volts  giving  P,  the  watts  furnished  to  the  lamp. 
Hence,  the  efficiency  of  the  lamp  equals 


c»P 


232.  Dispersion  Photometer.— In  the  preceding  sec- 
tion we  have  spoken  of  one  type  of  electric  lamp — ^the 
incandescent  one.  This  consists  of  a  hermetically  sealed 
glass  bulb  {see  note,  §  10,  page  20)  containing  usually  a 
very  fine  filament  of  carbon,  which;  becomes  luminous 
when  a  suitable  current  passes  through  it,  but  does  not 
bum  away  as  there  is  a  very  perfect  vacuum  inside  the 
glass  bulb.  But  there  is  a  much  more  powerful  electric 
light — the  arc  lights  in  which  the  light  is  produced  by 
a  current  passing  between  two  pieces  of  carbon  slightly 
separated  from  one  another,  the  resistance  of  the  heated 
air  between  the  carbons  taking  the  place  of  that  of  the 
carbon  filament  in  the  incandescent  lamp.  As  an  arc 
light  has  often  an  illuminating  power  of  Several  thousand 
candles,  it  would  have  to  be  put  many  feet  away  from 
the  screen  of  the  photometer  in  order  that  the  light  cast 
by  it  on  a  given  area  should  be  equal  to  that  produced 
by  the  standard  candle.  To  avoid  the  inconvenience  of 
having  to  put  an  arc  light  so  far  away  from  the  screen, 
the  ^^ disperfion  photometer'*  shown  in  t^g.  173  was  de- 
vised by  the  author.      Instead  of  the  light  from  the 
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electric  lamp  being  allowed  to  fall  directly  on  the  screen, 
it  is  allowed  to  pass  through  a  double  concave  lens  l,* 
which  diaperteg  the  light,  so  that  the  screen  is  illami- 
nated  by  only  a  wmall  fraction  of  the  light  that  would 
come  to  it  from  the  powerful  electric  lamp  if  the  lens  l 


nv.173. 

were  removed.  Let  the  electric  light  and  the  lens  be  at 
distances  e  and  I  respectively  from  the  screen,  and,  when 
the  standard  candle  is  at  a  distance  e  from  the  screen,  lot 
the  shadows  be  equally  dark,  then  the  light  from  the 
electric  lamp  which  would  have  illuminated  an  area  A 
(Fig.  174)  is  now  dispei'sed  so  as  to  illuminate  a  much 
lai^r  area  A',  so  thut 

the  illuminating  power  of  the  electric  light  A'     e^ 

M  „  „  „      standard  candle      A      c^ 

To  find   the  ratio  of  A'  to  A,  let  a  be   the  area  of 
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the  double  concave  lens  filled   by  tbe   pencil  of  light 
which  would  have  illuminated  &o  area  A,  and  let  the 


light  after  dii^rmon  appear  to  come  from  a  dietance  x 
behind  the  lens,  then 

A_ ^ 


and 


/+• 


where  /  ia  the  "foeai  length  "  of  the  lena — tbat  is,  the 
distance  from  the  lens  of  the  point  from  which  light, 
after  passing  through  the  lena,  would  appear  to  come  if 
the  source  of  light  were  very  far  away,  like  the  son. 
Hence,  eliminating  a  and  x  from  the  preceding  three 
equations,  we  have 

the  illuminating  power  of  the  electric  light       _^ 
H  _  „  „     standard  caudle 


{"'=^Y- 
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A  great  difficulty  in  ooioparing  an  electric  light  wuh 
a  candle  arises  from  the  difference  in  colour  of  iheae  two 
sources  of  lights  an  arc  light  being  much  bluer  than  a 
candle.  To  partially  overcome  this  difficulty,  two  dis- 
tinct comparisons  of  the  electric  light  with  the  candle 
should  be  made  when  the  screen  is  looked  at  succes- 
sively through  green  and  red  glasa  Pieces  of  what  are 
known  in  the  trade  as  signal  green  and  ruby  red  answer 
very  well  for  this  purpose,  but  they  should  be  selected  so 
that  a  bright  light  is  hardly  visible  when  looked  at  through 
the  two  pieces  placed  one  over  the  other,  as  then  the 
green  glass  allows  practically  no  red,  and  the  red  glass 
practicetlly  no  green  light  to  pass.  The  two  comparisons 
made  with  green  and  red  glass  will  give  very  different 
results  for  the  illuminating  power  of  a  powerf  id  arc  light 
in  terms  of  that  of  a  candle,  because  the  ratio  of  green 
to  red  rays  in  the  former  is  so  much  larger  than  in  the 
latter. 

It  is  important  to  be  able  to  measure  the  illuminating 
power  of  an  arc  lamp,  not  merely  in  a  horizontal  plane, 
but  for  rays  making  various  angles  with  the  horizontal 
This  can  be  conveniently  done  by  placing  the  arc  lamp 
so  that  its  rays  come  in  any  desired  direction  to  the 
mirror  M  (Fig.  173),  and  turning  the  mirror,  with  the  gra- 
duated disc  D  attached  to  it,  until  the  rays  pass  through 
the  concave  lens  l,  and  fall  properly  on  to  the  screen  s. 
The  angle  that  the  beam  of  light  under  observation  now 
makes  with  the  horizontal  plane  at  the  electric  light, 
can  be  read  off  directly  by  the  position  of  the  graduated 
disc.  By  causing  the  mirror  M  to  turn  about  an  axis 
which  makes  an  angle  of  45°  with  tie  plane,  the  light 
reflected  from  it  always  makes  the  same  angle  tcith  its  sitr- 
/ace  when  it  passes  after  reflection  through  the  lens,  hence 
the  portion  of  the  light  absorbed  by  the  mirror  is  coni- 
atarUy  and  may  be  determined  once  for  all  experimentally. 
So  also  the  portion  of  the  light  absorbed  by  the  lens  will 
be  constant,  and  may  be  determined  experimentally,  and 
both  these  fractions  can  easily  be  allowed  for  in  any 
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moaBurements  made  of  the  illaminatang  power  <^  to  arc 
lamoi 

888.  Bflcienoy  and  Life  of  Incandeseent  Lamps. — 

The  heat  prodnoed  per  second  in  a  conductor  is  propor- 
tional to  the  square  of  the  current  passing  through  it 
(see  §  113,  page  198),  and  is  therefore  proportional  to  the 
]»K>dact  of  the  current  into  the  P.  D.  maintained  at 
the  ends  of  the  conductor — that  is,  to  the  number  of  watts 
given  to  it.  The  temperature  of  the  conductor  will  de- 
pend on  the  heat  produced  in  it  per  second,  and  on  its 
iadlitj  for  cooling  {$ee  §  1 1 1,  page  1 95).  But  experiments 
show  that  the  l^;ht  emitted  by  a  body  increases  very 
much  more  rapidly  than  the  heat  given  to  it  per  second ; 
for  example,  the  heat  given  to  a  kettle  of  boiling  water 
per  second  may  be  considerable,  but  is  not  sufficient  to 
cause  the  kettle  to  emit  any  light  at  all,  whereas  if  the 
metal  of  the  kettle  be  made  a  good  deal  hotter,  it  will 
begin  to  glow  and  commence  emitting  light,  and  when  it 
beoomes  white-hot,  the  light  emitted  will  be  considerable. 
8o  it  is  found  that  the  light  emitted  by  an  electric  lamp 
increases  much  mors  rapidly  than  the  watts  given  to  it — 
that  is,  the  efficiency  increases  with  the  power  supplied  to 
it.  As  far  then  as  the  cost  of  producing  the  power  is  con- 
cerned, it  is  more  economical  to  cause  the  carbon  of  an 
electric  lamp  to  have  an  intensely  white-hot  temperature 
tiian  merely  to  allow  it  to  glow  at  a  dull  red  heat  But^ 
on  the  other  hand,  the  number  of  hours  during  which  an 
incandescent  lamp  can  be  used  before  the  carbon  filament 
breaks,  depends  on  the  temperature  of  the  filament  If 
the  temperature  be  kept  always  low  enough,  the  filament 
will  last  for  several  thousands  of  hours,  the  lamp  emitting 
light  all  the  time,  whereas  if  the  temperature  be  too  high, 
the  life  will  be  reduced  to  a  few  hundred,  or  less  number 
t>f  hours.  Hence  it  is  an  important  question  to  decide 
how  bright  we  should  make  the  filament  of  an  incandes- 
cent lamp  when  in  use,  or,  in  other  words,  what  P.  D.  we 
should  maintain  at  its  terminals.  This  question  is  one 
that  must  be  solved  for  each  particular  case^  depending  on 
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the  efficiency  and  life  of  the  lamp  for  different  P.  Ds., 
on  the  cost  of  a  new  lamp,  and  on  the  cost  of  power 
at  the  particular  place  where  the  lamp  is  used.* 

Exainple  117.~If  power  cost  £15  per  horse-power 
per  annum  supplied  for  5  hours  per  nighty  and  if  a  new 
incandescent  lamp  cost  8s.,  further,  if  when  used  so  as 
to  require  only  2^  watts  per  candle  it  lasts  for  500 
hours,  whereas  when  used  with  a  lower  P.  D.  at  its  ter- 
minals it  requires  3^  watts  per  candle,  but  lasts  1,500 
hours,  determine  which  is  the  more  economical  of  the 
two  modes  of  using  the  lamp  % 

First  case : — 

Cost  for  power  per  candle    _  15  x  20  x  2\   ,  j*,.   . 
per  hour  ""  746  x  5  x  365  ^ 

Cost  for  lamp  renewals  per  3 

candle  per  hour  ==  ^  shillings, 

Totdl^ost  per  candle  per   ^  ^^^^gg  ahillinga 

Second  caise : — 

Cost  for  poioer  per  candle    _  15  x  20  x  8^  ghintnga. 
per  hour  ""  746  x  5  x  365  ^ 

Cost  for  lamp  r&netoals  per  3 

candle  per  hour  =    1500^      ^^^^ 

Totel^cost  per  candle  per    ^  ^,^^^^  ahillings, 

therefore  using  the  stballer  P.  D.,  and  the  larger  number 
of  watts  per  candle,  is  much  the  more  economical  arrange- 
ment. 

Example  118. — An  arc  lamp  through  which  8  am- 
peres are  passing,  and  at  the  terminab  of  which  50  volts 

*  See  "The  Most  Eoonomloal  Potential  Differenoe  to  employ  with 
InnndeMent  Lampi.**    P4a.  JTiov..  April,  188B. 
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are  maintained,  prodnoes  750  candles,  "while  an  incandae- 
cent  lamp  through  which  0-6  of  an  ampere  is  pasmnft 
and  at  the  terminak  of  which  70  volts  are  maintained, 
produces  17  candles.     Compare  the  efficiency  in  the  two 


„      ,  ,  ,      «.  .  760   or  about  l-9candle 

For  the  arc  lamp  the  efficiency  is  ^^^        p^^  ^^^ 

For  the  incandescent  lamp  the      17       or    about    0*45 
efficiency  is  q-G  x  70  candle  per  watt^ 

therefore  the  efficiency  of  the  arc  lamp  is  more  than  four 
times  that  of  the  incandescent. 

JExample  119. — ^A  battery  having  a  resistance  of  4 
ohms,  and  an  E.  M.  F.  of  30  volts,  is  sending  a  current 
through  an  outside  circuit  consisting  of  leading  wires 
having  a  resistance  of  1  ohm  and  4  incandescent  lamps 
arranged  in  parallel,  and  at  the  terminals  of  which  12 
volts  are  maintained.  If  each  lamp  produces  3^  candles, 
calculate  the  efficiency  of  the  anungement 

The  current  rs  ??J^ 

4+  1 

=  3-6  amperes. 
The  power  produced  by  the  battery  :=  3*6  x  30 

=r  108  watts. 
The  power  wasted  in  the  batteiy       =  (3*6/  x  4 

=  51*84  wattSL 

The powerwastedintholeading wires  =  (3*6)'  X  1 

=  12-96  watta 
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The  power  given  to  the  4  lamps  ^^  __  3.5  ^  10 
parallel  "^ 

« 

rs  43-2  watts. 

Therefore,  of  the  108  watts  produced  by  the  battery, 
64*8  watts,  or  60  i)er  cent.,  are  spent  uselessly  in  heating 
the  battery  and  leading  wires;  43*2  watts,  or  40  per 
cent  of  the  total  power,  are  given  to  the  lamps ;  and,  as 
4  X  3|  or  14  candles'  iUumination  is  produced,  the  effi- 
ciency of  the  lamps  is  0*324  candles  per  watt 

When  a  power  of  1  watt  is  being  developed  the  toork 
done  per  eecand  is  sometimes  called  a  "joule."  Hence 
1  joule  equals  0*7375  foot  pounds.     And 

1  watt -second  =  1  joule. 
1  watt-minute  =  60  joules. 
1  horse-power  hour  =  1,980,000  foot  pounds. 
,,       „        y    S5  2,685»600  joule& 
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Appendix  to  thb  Sbctiok  on  SnuNra 

234.  Kixohhoffi  Fiirt  Law— ^35l  KiroUiori  Seoond  Law— 236L 
Onirent  through  the  Gralyanometer  of  a  Wheatstone^s  Bridge — 
2S7.  Beat  Renstanoe  for  the  Galvanometer  with  a  Wheatstone'a 
Bridge— 23S.  Beat  Airangementof  the  Battery  and  Galvanometer 
with  a  Wheatetooe'a  Bridge — ^239.  Measuring  a  Benatanoe  oontain- 
ing  an  B.  M.  F. 

In  the  case  of  even  a  somewhat  complicated  circuit 
like  that  shown  in  Fig.  175,  there  is  no  difficulty  in  cal- 
culating the  current  flowing  in  every  part^  if  we  use  the 
principles  developed  in  §103,  page  177,  and  in'§  137, 
page  253,  to  solve  the  problem  step  by  step.  Let  capital 
letters  stand  for  the  currents  flowing  in  the  several 
branches,  and  small  letters  for  the  resistances  of  these 


Fig.  175. 


branches ;  let  x  be  the  resistance  between  the  points  1 
and  2,  and  y  that  between  3  and  4,  and  let  E  be  thc^ 
E.  M.  F.  of  the  battery ;  then 


X 


=     9^ 


y  = 


g  -¥9 

<  (a;  -h  r) 
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B  = 


T  = 


R=: 


6  = 


E 


X  -^  r 


t 

s 


B, 
B, 


*  +  9 
S  =  -?-R. 

* 

Hence,  the  cnrrentB  B,  T,  B,  G,  and  S  are  expressed  in 

terms  of  E,  and  the  various  resistances  6,  p,  q,  t,  r,  g^  and  8. 

But  if  we  try  to  do  the  same  thing  for  the  circuit 

shown  in  Fig.   176,  and  which  at  first  sight  appears 


Pig.  178. 

equally  simple,  it  will  be  seen  that  the  method  previously 
employed  is  inapplicablcL     We  may  say  that 

E 


B  = 


h  -I-  vesistanoe  between  1  and  4 
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but  how  are  we  to  express  the  resistanoe  between  the 
points  1  and  4  in  terms  of  p,  q,  r, «,  and  g.  To  do  this 
we  require  to  use  what  are  known  as  "  Jkirehhqff^i  firH 
and  second  laws/* 

284.  KirohholPB  First  Law. — ^This  is  veiy  simple, 
and  merely  expresses  the  fact  that  if  there  is  one  current 
B  (Fig.  176)  that  flows  towards  a  point  1,  and  two 
carrents  P  and  Q  that  flow  away  from  this  point 

B  =  P  +  Q    .        .        .        .       0) 
Similarly,         P  =  G-f  R    .         .         .        .       (2) 

S  =  G+Q    .        .         .        .       (3) 

B  =  R+S 

These  equations  are  not,  however,  all  independent^ 
as  any  one  could  be  obtained  from. the  other  three. 

Kirchhofl^  first  law  is  sometimes  stated  thus  : — The 
algebraical  sum  of  M  the  eurrerUs  meeting  ai  a  point  ts 
nought^  the  '*  algebraical "  sum  meaning  that  the  currents 
that  flow  away  from  the  point  must  be  taken  with  a 
fiegative  sign  if  those  flowing  towards  it  be  taken  with  a 
positive  sign,  or  vice  verscL 

235.  KirohhoifB  Seoond  Law.— /n  any  closed  eir- 
cuit  the  algebraical  sum  of  the  products  of  the  currents  into 
the  resistances  equals  the  E,  M,  F,  in  the  drcuiL  In  using 
this  law  the  currents  are  to  be  taken  with  a  positive  or  a 
negative  sign  according  as  they  flow  in  the  same  or  in 
opposite  directions  round  a  circuit ;  and  the  K  M.  F.  is 
to  be  taken  with  a  positive  or  a  negative  sign  according 
as  it  assists  or  opposes  the  currents  that  are  arbitrarily 
taken  as  positive. 

Let  Yp  Y^  Yj,  &c.,  be  the  P.  Ds.  at  the  points 
1,  2,  3,  ko.,  then  from  Ohm's  law  {see  §  74,  page  130)  it 
follows  that 

Py  =  V,  -  V, 

Qg=  Vj-V, 
.%    Pp  +  Gy- Q9=  0        .        .        .       .       (4) 
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Similarly,  Rr  =  V,  -  V^ 

S*  =  V, -V^ 
.•.     G^  +  S#- Rr  =  0        .        ♦        .        .       (5) 

Ab  to  the  circuit  oontaining  the  battery  and  the  points 

B6=  E    -(Vj-V^),  (m0  §  116, 

[page  205). 

.*.      Q«/4- B# -h  B6  =  B     .        .        .  (6) 

Three  independent  equations  H),  (2),  (3),  therefore, 
may  be  obtained  by  using  Kirchhon's  first  law,  and  three 
more  (4),  (5),  (6),  by  using  his  second  law,  or  six  equa- 
tions altogether.  From  these  the  six  currents  B,  P,  Q,  R, 
S,  and  G  can  be  found  in  terms  of  E,  the  E.  M.  F.  of  the 
battery,  and  the  six  resistances  6,p,  9,  r,  ^  and  g, 

286.  Current  through  the  Galvanometer  of  a 
Wheatstone's  ftidge. — The  current  of  most  interest  to 
us  is  G,  because  this  is  the  current  that  will  pass  through 
the  galvanometer  in  a  Wheatstone's  bridge  when  balance 
is  not  obtained.     The  value  of  G*  so  obtained  is 

. Efar-y^) 

+  *•  (P  +  fl')  (fl'  +  •)  -  ^  (fl'*^  -  P*) 
And  this  we  see  equals  nought  when 

*  A  Tcvy  oonTement  method  bMod  on  Kirehhoff*i  laws,  bat  iti 
vc^Ting  the  me  of  detenmnaiiU  for  Mlving  «aoh  qaestioiis,  wm  mg 
geeted  \fj  the  late  Profenor  Clerk  Maxwell,  and  haa  been  recently 
extended  bj  Dr.  Fleming  In  the  Flroo.  Phyi.  Soo.,  toL  viL,  part  ( 
page  215. 
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tb«.     when  ^  =5  ^ 

This  result  for  the  law  of  the  Wheatstone's  bridge  was 
much  more  simply  obtained  in  §  97,  page  167,  but  the 
method  there  employed  for  arriving  at  the  oonnectioD 
that  existed  between  the  resistances  when  no  current  was 
passing  through  the  galvanometer,  gave  us  no  indication 
as  to  what  the  current  would  be  if  Uiis  connection  between 
the  resistances  were  not  fulfilled.  l£qr  equals  p  s  there 
will  be  no  current  through  the  galvanometer,  whatever  be 
its  resistanoe,  or  however  it  be  constructed ;  but  as  our 
only  method  of  insuring  that  qr  shall  be  equal  to  pSj  is  by 
varying  one  or  more  of  the  resistances  until  no  visible  do- 
flection  is  observed  on  the  galvanometer,  it  is  important  to 
construct  the  galvanometer  so  that  the  needle  will  deflect 
even  when  there  is  a  very  small  diflerence  between  q  r 
and  p  8,  The  proper  wire  to  wind  on  the  galvanometer 
bobbins  may  be  calculated  from  the  formula  given  in 
§  98,  page  171 ;  and  that  formula,  as  will  be  seen  in  the 
next  section,  can  be  obtained  by  multiplying  the  ./~g 
(which  we  know  from  §  217,  page  418,  is  proportiooud 
to  the  sensibility  of  the  galvanometer)  by  the  value  of  G 
given  above  when  qr  —  ps  has  a  fixed  small  value,  and 
seeing  what  is  the  relationship  between  g  and  />,  qy  r, 
and  8  that  makes  G^g  a  maximum. 

287.  Best  Besistanoe  for  the  Gulvanometer  with  a 
Wheatstone's  Bridge. — If  G  be  the  current  passing 
through  the  galvanometer  of  a  Wheatstone's  bridge,  and 
g  be  its  resistance,  the  magnetic  eflect,  which  is  propor- 
tional to  Oy/gT  is,  from  the  last  section,  proportional  to 

E(gr-p^)  y/g 

ft  (p  +  g)  (r  -f  #)  +  r  (p  -h  ^)  (gr  +  «)  —  g  (jrr  —  p#) 

+  {ft(P  +  fl'  + *•  +  •)  + (P  + *•)(«  +  *)} 

Now  this  expression  is  of  the  form 

ax 


6  +  «»' 
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where  o^  6,  and  c  are  oonstantBy  and  x  is  the  variable^ 
and  such  an  expression  we  saw  in  §  136,  page  245,  is  a 
maximum  when 

6 

Therefore  it  follows  that  G  ^gwili  be  a  maximum  when 

_  b(P'\-q)(r'hs)'\-r(p'\-q){q'\-  »\  —  q{qr  —  ps) 
^  6  (/>  +  ^  -h  r  -h  «)  -h  (p  +  r)  (jT  -h  t) 

But  we  want  to  find  the  b^st  value  to  give  to  g  when 
balance  is  nearly  established,  that  is,  when  ^  r  is  nearly 
equal  to  p  «,  since  that  is  when '  it  is  most  important  to 
have  the  galvanometer  sensitive,  hence  we  may  assume 
that  q  r  .equals  p  a  in  the  preceding  expression  for  g. 
Under  these  circumstances  we  find  that 

_   hq{r  -^sf  •\-  qr{r  -^  9)(q-\-  $) 
^  "      6  (r  ^.  *)  (gr  +  «)  ^.  r  (s^  +  «)« 

=s  n  .  **"<"*  .   ft  (y  "h  g)  +  y  (g  -f  *)  ^ 

'  q-\-9'  6  (r  -f  «)  +  r  (5  +  «)  * 
And  this  when  q  r  equals  psia  the  same  as 

which  is  therefore  the  best  resistance  to  give  to  the  gal- 
vanometer. 

288.  Best  Arrangement  of  the  Battery  and  Ghdvano- 
meter  with  a  Wheatstone's  Bridge. — We  have  seen,  in 
§  97,  page  167,  that  when  balance  is  obtained  the  batteiy 
and  galvanometer  may  be  interchanged  without  disturbing 
the  balance.  But  when  balance  has  not  been  obtained 
a  greater  current  will  pass  through  the  galvanometer  when 
it  and  the  batteiy  are  arranged  one  way  than  will  pass 
when  the  galvanometer  and  Uie  battery  are  interchanged. 
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In  other  words,  one  arrangement  is  more  sensitive  than 
the  other,  and  the  object  of  the  following  is  to  ascertain 
which  is  the  more  sensitive  arrangement 

As  we  are  dealing  with  a  definite  galvanometer  of 
fixed  resistance,  we  are  merely  concerned  with  the  current, 
and  need  not  consider  the  magnetic  effect.  Let  G^  be 
the  current  passing  through  the  galvanometer  when  it 
and  the  battery  are  placed  as  shown  in  Fig.  176,  page 
463,  and  let  Q^  be  the  current  when  the  galvanometer 
and  battery  are  interchanged^  then 

Q  ^ Efar-p#) 

+  ^  (!>  +  (?)  (♦•  +  «)  +  P(^  +  *)(»•  +  *)  -sips-qr) 

and  the  value  of  G^  is  given  in  §  236,  page  465. 
Hence 

where  D^  and  Dj  stand  respectively  for  the  denominators 
of  Gj  ana  G^.     Simplifying,  we  have 

Ist. — Lei  g  he  greater  than  h.  Then  G^  ^  Gg  will  be 
positive,  that  is,  the  first  arrangement  will  be  more  sen- 
sitive than  the  second,  when  p  and  r  are  respectively 
both  greater  or  both  less  than  e  and  q,^  Therefore  ike 
galvanometer  sfiordd  connect  the  junction  of  the  two  greater 
reetetances  toith  the  junction  of  the  two  lese. 

2nd.  Let  h  he  greater  than  g.  Then  G^  —  G^  will  be 
positive,  or  the  first  arrangement  will  be  mora  sensitive 
than  the  second,  when  p  is  greater  than  «,  and  r  is  less 
than  q,  or  when  p  is  less  than  9,  and  r  is  greater  than  q. 
Therefore  the  hattery  should  connect  the  junction  of  the 
two  greater  reeietancee  with  the  junction  qf  the  two  Im. 
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239.  HeMarin;  a  Besistaiioe  containing  an  E.  H.  F. 
— If  in  one  of  the  brsncheB  3  4  of  the  Wheatatone'e  bridge 
(Fig.  177)  there  be  an  oppoaing  E.  M.F.<rf  «  rolta,  Eircb- 


hoffa  aeoond  law  tells  as  that  equation  (5)  (§  235,  page 
466)  beoomeB 

Oj  +  Sf-  Rr=  -e, 

and  equation  (6)  bec<Mnefl 

Qq+  St  +Bb  =  E  -e; 

the  other  fonr  equatione  remaining  aa  before.     tTsing 
these  equations  we  now  find  that 

n^       'Eiqr~ps)-e{b(p  +  q)+g(p  +  r)} 
b{g(p  +  q  +  r+»)  +  (p  +  g)(r  +  »)} 

+  9{p  +  ^)(9  +  ')  +  r(p  +  q){q  +  «)  -  q{qr  -  p») 

This  current  is  obriously  the  difference  of  two  currents, 
Jjhe  one  tiie  current  that  would  exist  if  e  were  nought — 
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that  is,  if  there  were  no  R  M.  F.  in  Uie  branch  3  4  of  the 
bridge — ^the  other  the  current  that  woold  exist  if  E  were 
nought — ^that  is,  if  the  testing  batterj  had  no  K  M.  F. 
This  is  expressed  bj  sajing  that  etMch  E,  if,  F,  ckcts  ind&' 
pendentlyt  a  result  that  is  universally  tma 

If        ^r  =  pg, 
the  expression  given  above  for  G  reduces  to  simply 

P^ 

^(P  +  r)  +  r(;>  +  7)' 

the  negative  sign  meaning  that  the  current  through 
the  galvanometer  is  now  in  the  opposite  direction  to  that 
shown  in  the  figure.  This  current  is  independent  of  E 
and  of  6 — that  is  to  say,  if  the  resistances  be  so  a<]yusted 
that  q  r  equals  ps,  no  change  tMl  be  made  in  the  current 
through  the  galvanometer  by  altering  the  value  of  E,  or 
of  by  or  of  both.  This  leads  us  to  a  very  simple  test  for 
measuring  a  resistance  e  containing  an  K  M.  F.,  and 
which  ]&  : — Adjust  the  resistances  p,  q,  and  r  until  on 
making  and  breaking  tlie  circuit  containing  the  testing 
battery,  no  change  is  produced  in  the  galvanometer  deflec- 
tion. Or,  the  testing  battery  may  be  dispensed  with 
altogether,  and  a  wire  of  any  convenient  resistance  sub- 
stituted for  it,  the  K  M .  F.  in  the  branch  3  4  being  the 
only  £.  M.  F.  employed.  In  that  case  the  resistances  p, 
q,  and  r  must  be  adjusted  until,  on  connecting  and  disoon- 
necting  this  wire,  no  change  is  produced  in  the  galvano- 
meter deflection.     Then 

p 

This  latter  is  known  as  ^  Mance*s  test "  for  measuring  the 
resistance  of  a  conductor  containing  an  £.  M.  F.  such  as 
a  battery,  a  long  telegraph  line  in  which  an  E.  M.  F.  is 
produced  by  atmospheric  causes,  or  by  there  being  a 
P.  D.  between  the  ground  at  the  two  ends  of  the  line,  &q. 
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Although  connecting  and  dificonnecting  the  wire  that 
is  used  to  join  the  points  1  and  4  produces  no  change  in 
the  current  passing  throagfa  the  galvanometer  when  « 
equals  — )  the  current  sent  through  the  circuit  liy  e  ia 

increased  on  connecting  the  auxiliary  wire  used  to 
join  the  ])ointB  1  and  i.  Hence,  this  test  can  only  be 
employed  when  e,  the  £.  M.  F.  in  the  branch  S  4,  is  not 
altered  by  varying  the  current  sent  by  this  K  M.  F. 
through  the  circuit. 

Example  120. — Prove  directly  the  formula  employed 
in  Jfanee'i  tett  for  measuring  the  resistance  of  a  conductor 
containing  an  B.  M.  F. 

From  Fig  178,  which  shows  the  disbibution  of  cur- 


rents when  the  wire  used  to  join  the  points  1  and  4  is 
disconnected,  we  have 

R=  P  +  G (1) 

P(p  +  ?)-Gj?=  0 (2) 

R(r  l-*)  +  G?= (Z) 
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'Wtioii  this  wire  u  jomed,  all  the  currents  will  be 
altered  except  G.  Let  them  now  be  F,  Q',  R',  S'  (fig. 
179),  then 

S'    =  Q'  +  0     .     .     .     .     (4) 
R'    =  F  +  G     .     .     .     ,     (S) 

Fp  +  Q-j-Gffs  0 (6) 

R'r  +  8'«  +  Gff=  a (7) 


I^xnn  equations  ('2)  and  (6)  we  have 

(P-F),.=  (Q'-P)?    .    . 
and  from  equations  (3)  and  (7) 

(R -!!')»•=  (S'-H).    .    . 
From  equations  (1)  and  (5)  it  follows  that 

P  -  F  =  R  -  R', 
and  from  equations  (1)  and  (4)  tiiat 

Q'  -  P  =  8'  -  E, 


therefore  subotitatiiig  these  valoea  in  eqnadona  (8)  and 
(9)  we  have 

£._?, 

Example  121.— A  bftttery  having  ao  E.  M.  F.  of  3J 
volts  and  a  resistance  of  3^  ohms,  is  employed  in  sending 
a  current  through  a  circuit  consisting  of  a  resistance  of 
1,234  ohma  in  series  with  a  galvanometer  of  52  ohms' 


I,  shunted  with  a  shiint  of  4J  ohms'  resistance, 
containing  an  opposing  E.  M.  F  of  I  volt.  What  is  the 
current  flowing  through  the  galvanometer  ? 

The  arrangement  of  the  circuit  is  shown  in  Fig.  1 80, 
and  if  B,  G,  and  S  be  the  currents  in  amperes  flowing 
respectively  through  the  battery,  the  galvanometer,  and 
the  shant,  we  have  by  KircbhoS's  firet  and  second  laws, 

B  =  S  +  G, 

<2i +  1,234)3  + 52  G  =  3J. 
52  O  -  4i  S  =  1. 
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Rliminating  B  and  S  {mm  these  three  equations,  we 
find 

G  =  0-01786. 

Answer, — 0*01786  amperes. 

Example  122.— What  R  M.  F.  must  be  inserted  in 
the  shunt  in  the  last  question  so  that  no  current  shall 
pass  through  the  shunt  f 

Let  e  be  this  K  M.  F.  in  volts,  then  we  must  find  the 
value  of  e  that  makes  S  equal  to  nought  in  the  following 
equations : — 

B  ^  S  +  G, 

1,236^  B  +  52  G  =  dj^, 

52G-4^S  =  <!^ 

Patting  S  equal  to  nought  we  have 

1,288JG=  3J, 
lf2G=  e, 

...    •^^iilii  volts. 
l,288i 

Ansioer. — 0'1413  volts. 

This  question  may  be  solved  difierentlj  thus : — If  no 
current  passes  through  the  shunt,  the  E.  M.  F.  must  be 
equal  and  opposite  to  the  P.  D.  that  would  be  produced 
between  the  terminals  of  the  galvanometer  if  there  were 
no  shunt  circuit  at  all,  and  this  we  know,  from  §  115, 
page  204,  is  equal  to  the  E.  M.  F.  of  the  battery  multi- 
plied by  the  ratio  of  tlie  resistance  of  the  galvanometer 
to  that  of  the  whole  of  the  circuit,  or 

^^       X  3|  volts. 


l,288i 
the  same  expression  that  is  given  above  for  ^ 
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Example  123. — Does  the  presence  of  the  shunt  in 
«>xample  121  increase  or  diminish  the  current  that  would 
pass  through  the  galvanometer  if  there  were  no  shunt 
circuit)  and  by  what  amount  is  the  galvanometer  current 
varied) 

If  there  were  no  shunt  the  current  through  the 
galvanometer  would  be 

^— ,  or  0-002717  amperes. 


l,288i 

We  sees  therefore,  that  the  shunt  in  this  particulai 
case,  in  consequence  of  the  K  M.  F.  in  it,  actually  in 
creases  the  galvanometer  current  by 

0-01786  —  0-002717»  or  15-thousandth8  of  an  ampera 
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Specimens  of  Instructions /or  Ewperiment^. 


CITY  AND  GUILDS  OP  LONDON  INSTTTUTK 

CENTRAL   INSTITUTION. 


PHYSICAL    DEPARTMENT. 


To  compare  the  amount  of  CHEMICAL  DECOMPOSITION 
produoed  per  second  by  a  current  with  the  corre- 
sponding DEFLECTION  of  a  TANGENT  GALVANO- 
METER. 

Pbsliminabt. — The  current  passing  through  the  volta- 
meter and  galvanometer  can  be  varied  bj  altering  the 
resistance  in  circuit.  The  value  of  the  resistance  need 
not  be  known. 

When  the  dip  is  firmly  fixed  on  the  small  piece  of 
indiarubber  tube,  the  gas  evolved  by  passing  a  current 
through  the  voltameter  cannot  escape^  and  so  the  pressure 
inside  becomes  greater  than  the  atmospheric  pressure, 
and  forces  the  liquid  up  the  glass  tube.  The  rate  at 
which  the  liquid  rises  in  the  tube  is  a  measure  of  the 
amount  of  gas  evolved  per  second.  Releasing  the  dip 
allows  the  gas  to  escape.  The  volume  of  the  tube  be- 
tween the  two  marks  0  and  7  is  2*284  cubic  centimetres. 

Experiments. — (I.)  Adjust  the  needle  of  the  galva- 
nometer to  zero  by  slightly  turning  the  instrument. 

(2.)  Send  a  current  through  the  apparatus  by  pressing 
the  key,  and  open  the  clip  so  that  the  gas  escapes.  Keep 
the  key  pressed  for  a  few  minutes,  until  the  liquid  be- 
comes thoroughly  saturated  with  gaa     Now  dose  the 


.•11! 
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clip,  and  note  the  interval  of  time  it  takes  for  the  liquid 
to  rise  from  the  lowest  to  the  highest  mark  on  the  tube ; 
also  note  the  steady. deflection  of  the  galvanometer.* 

(3.)  Vary  the  current  by  altering  the  resistance  in 
circuit,  and  repeat  the  observation  mentioned  in  (2). 

(4.)  Repeat  (3)  with  as  many  different  strengths  of 
currents  as  possible. 

(5.)  Tabulate  your  results  in  a  convenient  form. 

(6.)  Draw  a  curve  having  for  abscissae  the  quantity 
of  gas  evolved  per  second,  and  for  ordinates  the  tangents 
of  Uie  corresponding  deflections  of  the  galvanometer. 

Deductions. — Write  out  clterly  all  the  inferences 
which  can  be  drawn  from  this  experiment^  assuming  that 
the  strengths  of  currents  are  proportional  to  the  amount 
of  chemical  decomposition  which  they  produce  per  second. 

Determine  the  constant  a  of  the  galvanometer  such 
that 

A  =  a  taa  d, 

where  A  is  the  current  in  amperes  and  d  the  deflection  it 
produces,  having  given  that 

1  ampere  liberates  0*1738  cc.  of  mixed  gas  per  second, 
when  measured  at  0^  0.  and  760  m.m.  pressure. 

State  clearly  the  corrections  which  would  have  to  be 
applied  in  making  accurate  determinations  of  current 
strength  by  this  method 

*  It  if  denmble  io  make  two  or  three  detemuDAtions  with  eMh 
particular  current,  and  take  the  mean- 
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CITY  AND  GUILDS  OF  LONDON  INSTITUTE. 

CBNTRAI.   INSTITUnOV. 


PHYSICAL    DEPARTMENT. 


EXPERIMENTS  on  SHUNTS. 

Pbbliminart. — When  the  current  to  be  measured  in 
any  circuit  is  too  large  for  the  galvanometer  available  to 
measure  it,  only  a  known  fraction  of  the  current  is  passed 
through  the  ^^vanometer,  the  remainder  being  passed 
from  one  terminal  oi  the  galvanometer  to  the  other 
through  a  *'  by-pcus  "  or  "  shurU  "  circuit.  As,  however, 
the  introduction  of  this  shunt  circuit  lessens  the  resist- 
ance between  the  termi^ials  of  the  galvanometer,  and 
therefore  the  total  resistance  used  in  the  experiment^  the 
main  current  is  increased.  Thus  it  may  happen  that  the 
effect  of  shunting  a  galvanometer  is  to  scaxcely  diminish 
the  current  passing  through  it. 

The  following  experiments  have  been  devised  to  make 
the  student  {Hmctically  acquainted  with  the  effect  of 
shunting  a  galvanometer,  and  the  manner  in  which  the 
effect  of  a  given  shunt  depends  on  the  resLstance  in  the 
other  parts  of  the  drcuitb 

The  resistance  of  the  galvanometer  circuit  unshunted 
is  about  200  ohm& 

ExPEBiMENTS. — (1.)  Using  one  cell  of  the  battery, 
and  with  no  resistance  in  the  main  circuit  excepting  that 
of  galvanometer,  battery,  and  connecting  wires,  send  a 
current  through  the  unshunted  galvanometer  and  note 
the  deflection  d  produced. 

(2.)  Place  various  resistances  from  the  highest  avail- 
able down  to  0  in  the  shunt  circuit,  and  note  all  the 
corresponding  deflections. 

(3.)  Tabulate  your  results  in  some  convenient  form. 
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(4.)  Plot  a  curve  having  for  abscisssB  the  resistances 
in  the  shunt  circuit,  and  for  ordinates  the  corresponding 
currents  passing  through  the  galvanometer. 

(5.)  tfoin  up  two  cells  of  the  battery,  and  introduce 
such  a  resistance  into  the  main  circuit  as  will  give  the 
same  deflection  d  as  was  obtained  in  (1)  when  the  galva- 
nometer .was  unsliunted. 

(6.)  Repeat  (2),  (3),  (4),  drawing  the  curve  oh  the 
same  e^eet  of  paper. 

(7.)  Repeat  (5)  and  (6),  using  four  and  six  cells  re- 
sjiectively. 

DEDUCTION& — Write  out  a  clear  account  of  the  in- 
ferences which  yon  can  draw  from  these  experiments. 

Also  determine  al^braioally  the  general  eqaation  to,  and  oharac* 
tflr  of,  tiie  eniree  obtained  in  theee  experimenti,  and  show  how  the 
results  obtained  experimentally  oonld  be  dednced  from  thie  equation. 
Prove  that  the  cunree  have  a  common  asymptote,  and  find  the  limits 
between  whioh  the  other  asymptotes  lie. 
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PHYSICAL    DEPARTMENT. 


Vo  CALIBRATE  an  AMMETER  by  the  CALORIMETRIC 

METHOD. 

PRBUMINABT. — ^The  ctdoiiineter  provided  consists  of 
a  thin  copper  vesael  supported  within  an  air  space,  and 
screened  from  external  radiation  bj  a  large  water  jacket 
A  coil  of  German  silver  wire  is  inserted  in  the  calori- 
meter, and  sarrounds  the  bulb  of  a  delicate  thermometer. 
This  Uiermometer  serves  to  show  the  rise  of  temperature 
of  the  water  and  calorimeter  caused  by  passing  a  current 
through  the  wire.  Another  thermometer  indicates  the 
temperature  of  the  large  water  jacket  in  which  it  is  im- 
mex«ed. 

EzpKRiMENTS. — (I.)  Carefully  dry  and  weigh  the 
small  copper  calorimeter,  the  approximate  we^;fat  of 
which  is  24*8  gramme& 

(2.)  Partly  fill  tlie  calorimeter  with  distilled  water  by 
means  of  the  pipette  provided,  and  determine  the  weight 
of  the  water  added. 

(3.)  Replace  the  calorimeter  within  the  water  jacket 
and  connect  the  wires  to  the  ends  of  the  ooiL  Adjust 
the  pointer  of  the  ammeter  to  zero  (if  necessary)  by  turn- 
ing the  small  milled  head  at  the  top. 

(4.)  Complete  the  circuit,  and  adjust  the  carbon  re- 
sistance till  a  suitable  deflection  is  obtained  on  the  am- 
meter, say  0*8,  which  must  be  maintained  constant. 
Keep  the  water  well  agitated  by  means  of  the  stirrer, 
and  take  '*  time  readings  "  (about  every  half-minute)  of 
the  temperatures  of  the  inner  and  outer  vessels,  until  the 
inner  thermometer  has  risen  several  degreea  Break  the 
circuit. 


nraTRUCTIORB   FOR  BZPIBIMBNT3.  481 

(5A  Tabulate  your  results  in  a  convenient  form. 

(6.)  Plot  a  curve  having  timea  for  abscissfle  and  tem- 
peratures of  the  calorimeter  for  ordinates. 

(7.)  Repeat  (4),  (5),  (6),  using  successively  currents 
which  produce  deflections  of  about  1*1,  1*4^  1*7,  and  2*0 
on  the  ammeter. 

(8.)  When  all  the  heating  observations  have  been 
taken,  break  the  circuity  and  allow  the  calorimeter  to 
cool  to  nearly  its  initial  temperature,  and  take  time 
readings  of  its  temperature,  keeping  the  water  well 
stirred  all  the  while. 

(9.)  Plot  a  **  cooling  owrv9^  from  the  observations 
obtained  in  (8). 

(10.)  Correct  the  heating  curves  obtained  in  (6)  and 
(7)  by  the  cooling  curve  (9),  and  determine  the  corrected 
rise  of  temperature  in  a  given  time  (say  five  minutes). 

(11.)  Calculate  Uie  strength  of  current  passing  in 
each  of  the  above  experiments  from  the  formula 


'V    0-24  X  r<' 


n 


where  A  stands  for  the  current  in  amperes, 

„     r       „  „       resistance  of  the   coil  in  ohms, 

which  is  1-0306  at  15°-6  C. 
W     ,,  „       weight  of  the  water  in  grammes, 

to      „  „       water^uivalent  of    the  calori- 

meter, thermometer,  kc.,  which 
equals  2*778  grammes, 
„     T      „  „      corrected  rise  of  temperature  in 

t  seconds, 
„      t      „  „       time  in  seconds, 

and  compare  the  values  so  obtained  with  the  graduations 
of  the  ammeter. 

Deduotions. — State  clearly  how  the  heating  curves 
are  corrected  from  the  cooling  curve  so  as  to  show 
what  would  have  been  the  true  rise  of  temperature  if  no 
oooling  had  taken  place  during  the  experiment. 
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CITY  AND  GUILDS  OF  LONDON  INSTITUTE 

CENTRAL   INSTITUTION. 


PHYSICAL    DEPARTMENT. 


To  CALIBRATE  an  AMMETER  by  means  of  a  SILVER 

VOLTAMETER. 

Preliminaet. — ^The  voltameter  consists  of  a  platinuin 
dish  containing  a  25  per  cent,  solution  of  silver  nitrate, 
and  in  which  a  silver  plate  is  immersed.  An  adjustable 
carbon  resistance  is  provided,  by  means  of  which  the  cur- 
rent passing  through  the  voltameter  can  be  maintained 
constant  during  each  experiment,  and  can  be  varied  in  the 
different  experiments. 

Experiments. — (L)  Carefully  clean,  dry,  and  weigh 
the  platinum  dish,  the  approximate  weight  of  which  is  78 
grammes. 

(2.)  Pour  the  solution  of  silver  nitrate  into  the  dish 
and  place  it  on  the  three  brass  pins  provided  for  its  re- 
ception, and  which  are  electrically  connected  with  the 
left-hand  binding  screw  on  the  board.  Immerse  the 
silver  plate  in  the  solution,  and  clamp  it  in  such  a  posi- 
tion that  its  edges  are  equally  distant  from  the  sides  and 
bottom  of  the  dish. 

(3.)  Turn  the  small  milled  head  at  the  top  of  the 
ammeter  so  that  the  pointer  of  the  ammeter  comes  oppo- 
site the  zero  on  the  scale,  if  not  there  already.  Place  the 
copper  connecting  wire  in  the  mercury  cups  marked  A 
and  0  (which  cuts  out  the  voltameter),  and  adjust  the 
carbon  resistance  until  a  convenient  current  flows  round 
the  ammeter.     Kemove  the  connecting  wire. 

(4.)  Quickly  insert  the  connecting  wire  in  the  mer- 
cury cups  marked  A  and  B,  carefully  noting  the  instant 
at  which  the  circuit  was  completed      Allow  the  current 
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to  pass  for  a  oonvenient  time  (10  to  30  minutes,  accord- 
ing to  the  strength  of  current  used),  and  keep  the  current 
constant  by  the  adjustable  i*esistance.  Note  the  tem- 
perature of  the  room  during  the  experiment,  and,  at  the 
end  of  the  interval  decided  on,  quickly  break  the  circuit. 

(5.)  Empty  the  solution  from  the  dish  into  its  bottle 
and  carefully  wash  the  deposited  silver  with  distilled 
water.  Then  fill  the  dish  with  distilled  water  and  allow 
it  to  stand  10  to  15  minutes.  Again  wash  with  water^ 
alcohol,  and  ether,  dry  over  the  spirit-lamp,  and  cool  in 
the  desiccator. 

(6.)  Carefully  determine  the  increase  of  weight  due 
to  the  silver  deposited  on  the  dish. 

(7.)  Calculate  the  strength  of  current  used  in  the 
experiment,  assuming  that  one  ampere  deposits  1*11815 
milligi-ammes  of  dilver  per  second. 

(8.)  Hepeat  the  experiment  with  several  different 
strengths  of  current. 

(9.)  Tabulate  your  results  in  some  convenient  form 
and  write  them  with  your  name  on  the  card,  on  which 
you  will  find  recorded  the  results  of  previous  experiments. 


INDEX. 


A  BSOLUTE   Calibration,    QalTa- 

nometera  wxth  Invariable, 

57 
— -  Oolibration  of  Qalvanometers, 

SO.  38&-400 
Calibration  of  a  QalYanometv*, 

Meaning  of,  22 

—  Calibration  of  Potential  Differ- 

ence QalTaAometers,  127, 
408-415 

Calibration,  PortaUe  Oalvaiio- 

meter  with  Approximate, 
flB— 71 

Electrometer,  93 

Measurement  of  Oapadty,  327 

Unite.  141 

Accomalating  Influence  Machineas 
361 ;  Uoltz's,  387 ;  Nichol- 
son's, 366 :  Thomson's,  364 ; 
Tarl^'8,  367;  Yoas,  367; 
Wimsburst.  367.  {See  also 
Influence  Machines.) 

Accamnlator,  Measoring  Beeistanoe 
of,  206 

Accumulators,  Small  Internal  Re- 
sistance of,  206,  261 

Accuracy  of  Grodoation,  Testing 
Ammeters  for,  305 

of  Graduation,  Testing  Volt- 
meters for,  406 

of  Beadings  with  Tangent  and 

Degree  Elcales  Coinpared.40 

Acid,  Dilate  Sulphuric,  £ffect  of 
Electrolysis  of,  15 

Sulphuric,     voltameter.     (Set 

Sulphurio  Acid  Volta- 
meter.) 

Action,  Inductive,  87 

of  the  Electrophorus,  356—361 

Adjustment  for  Sensibility  in  Mag- 
nifving  Spring  Ammeters 
and  Voltmeters,  389 

—  of  Coil  of   Tangent  Galvano- 

meter, 46 
Advantage  of  FoggendorfTs  Method 

of     Comparing     Electro* 

motive  Forces,  236 
Advantages  of  Cardew's  Voltmeter, 

426 
of  Cunynghame's  Ammeter  and 

Voltmeter,  385 
— —  of    Electro-Magnetic   Control 

Meters,  894 


Advantages  of  Gravity  Control 
Meters,  391 

of  Magnifying  Sprhu  Ammeter 

and  Voltmeter,  390 

'>fPennauentMagn0tMeter8,78 

oj   Shielded,   Dead -Beat,  Di- 

rect- Beading  Galvanome- 
ters, 78 

of  Siemens'    Eleetro-Dynamo- 

meter,  380 

— —  of  Thomson's  Large  Current 
Galranometer,  53 

— ^  Belative,  of  Voltametsra  and 
Gkdvanometers,  2i) 

Air  Condenser,  Standard^  334 

Specific  Inductive  Cfapacity  of. 

at  Different  Pressures.  310 

Alternating  Currents,  Definitiou, 
and  Measurement  of,  IdB, 
381 

Potential  Difference  Increases 

Practical  Besistanoe  of 
Voltmeter,  427 

— -  Potential  Difference,  Measur- 
ing, 426 

Aluminium,  Besistance  of,  for  Given 
Length  and  Diameter,  or 
for  Given  Length  and 
Weight,  157 

Besistance  of,  per  Cubic  Centi- 
metre, and  per  Cubic  Inch, 
154 

Amalgam,  Definition  of,  218 

Amalgamate,  How  to,  218 

Ammeter,  Advantages  and  Disad- 
vantages of  Cunynghame's, 
38o 

Advantages  and  Disadvantage 

of  Permanent  Matjnet,  78, 
S76 

Advantages  and  Disadvantage 

of  Magnifying  Spring,  3'JO 

Adjustment  for  Sensibility  m 

Magnifying  Spring,  389 

-—  Calibrating  Commutator.  432 

Commutator  ,De8cription  of  ,427 

Commutator,  Safety  Arrange- 
ment with,  432 

Cunynghame's  Description  of, 

382 

Graduation  of  Cunynghame's, 

385 

—  for  Large  CurrentH,  Use  of 
Commutator  in  Calibrating. 
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Ammeter,  Indication  of  Direction 
of  Carrent  in  Magnifyinff 
Sprinir.  389 

^—  Macnuf^^  Spring,  Description 

-—Permanent  Magnet,  Deaorip- 
tion  of,  76 

— —  Permanent  Magnet,  Propor- 
tional, 71 

Ratio  of  Sensibilities  of  Gom- 

mntator  in  Parallel,  sxid  in 
Series,  431 

AmmeterB,76-79,  382,  886l  (SMalw> 
Meters.) 

Calibratinflr,  bj  the  Silver  De- 
posit Method,  985-400 

—  Testing,  8M 

Testing,  for  Accaza<7  of  Gra- 
duation, Sd5-400 

•— —  Testing,  for  £rror  on  BeTersing 
Current,  402 

—-Testing,  for  Error  Prodnoed 
by  External  Ma^oietic  Dis- 
turbance, 408—407 

— —  Testinir,for  Permanent  Altera- 
tion o!  Sensibility.  407 

— —  Teetinfr,  for  Besidnal  Mag- 
netism, 400 

—  with  Maguifymv  Gearing,  886. 

(Sm  also  Dynamometer, 
Galyanomet«-r.) 

Amount  of  a  Body's  Electrification, 
109 

——  of  Electricity,  Dependence  of 
Potential  of  Conductor 
Partly  on,  119 

^— of  Heat  produced  per  Minute 
by  Given  Curreut  FJowing 
through  Given  Besistance, 
1&9 

— ^  of  Heat  produced  jier  Minute, 
Measurement  of  Currents 
bv,  197 

Ampere,  Definition  of  the,  11 

Amperes,  Yalnes  in,  of  Deflections 
of  Tangent  Galvanometer, 
Controlled  only  by  Earth's 
Magnetism,  55 

Angles,  Finding,  from  their  Tan- 
gents by  means  of  Squared 
Paper,56 

——-Finding  Tangents  from,  by 
means  of  Squared  Paper, 
67 

Angular  Deflection  of  a  Mirror. 
Counection  between,  ana 
Motion  of  Image  on  Plane 
Scale,  107 

^^  Deflection  Proportional  to  Cur- 
rent, Construction  of  Gal- 
vanometers with,  71—73 

«-.  Motion   of    Befleoted  Bay   is 


Twice  Angular  Motion  of 
Mirror,  106 
Antimony,  Change  of  Besistance  of, 
with  Temperature,  160 

—  Beeistanoe  of,  for  Given  Length 

and  Diameter,  and  for 
given  Length  and  Weight, 
157 

Besistanoe  of,  per  Cubic  Centi- 
metre, and  per  Cnbio  Inch, 
ide 

Apparatus  for  Measoring  Yariatiaai 
of  Current  and  Potential 
DilTerenoe  at  Battery  Ter- 
minals with  Variation  of 
External  Besistanoe,  205 

•^—  Static  EleotriCj  Kecessaiy  En- 
dosare  of,  in  Metallic  Case* 
108 

Apparent  Increase  of  Besistanoe 
in  a  Galvanometer  Due  to 
Damping,  340 

Approximate  Absolute  Calibration, 
Portable  Galvanometer 
with,  60— 71 

Are,  Electric,  Description  of,  188, 
454 

Electric.  Measuring  Dluminat- 

ing  Power  of,  in  Any  Plane, 
457 

— —  Light,  How  to  Overcome  Differ- 
ence in  Colour  between  it 
and  Candle  when  Measur- 
ing. 457 

—  Light,  Measuring  the  Efilciem^ 

of.  455 

-^-Potential  Differenoe  Bequired 
to  Maintain  an  Electric, 
between  Two  Carbons,  871 

Area,  Sectional,  Yariation  of  Be> 
f>i9tanoe  with,  146 

Arms  of  Wheatstone's  Bridge,  Defi- 
nition of,  172 

Anangenient  for  Shunting  Battery 
while  Charging  Condenser 
<miy,843 

cA  Cells,  giving  Maximum  Use- 
ful Power  to  Conductor  of 
Fixed  Besistanoe,  450 

of  Given  Numbtv  of  Cells  to 

produce  Maximum  Current 
through  Given  External 
Besistonce,  243 

Arrangements  of  Cells,  230—253 

Astatic  Combination  of  Magnets^ 
283 

*—  Galvanometer,  Advantage  of 
Putting  Mizror  Outside 
Coilsi^ 

——  Galvanometer,  Simple  Method 
of  Damping,  284,  300 

— —  Galvanometer,  Mather's,  2B0 
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Aatatie  GalTaaometer,  Mndford*!, 

105 
——  GttlvanoiiMter,  Thomson's,  288 
QaWanometcr,    Thomson's 

Mftiified,SB4 
Attaching  Lmden  Jars  to  Colleot- 

vag  Combs   of    Electrical 

Ibehioes,  370 
A.ttraot<nff  Force,  Potential  Difl^- 

enoe  and  Distance  between 

Two  Parallel  Plane  Con- 

dnotors,  87 
Axis,  Haflrnetic.  of  a  Needle,  Defloi- 

non  of,  87 

B 

I3ALANCE,  Wheatstone's,    ld»- 

-"  177.  (Sm  also  Wheatstone's 

Bridge.) 

Ballistic  QalTanometer,  292 

Batteries,  200 ;  Bnnsen's,  219;  Cal- 
laud,  213;  Dauiell's,  211; 
Oravitj.  212:  Orove's, 218 ; 
L(>c]anch^,  220;  Lockwood, 
218;  Meidinffer.  212:  Hin. 
otto's,  211 :  Potash  Bichro- 
aiate,  222;  Hecondary,  206, 
261.    (Se«  also  Cells.) 

*»-Compaiiaon  of  Electromotire 
Forces  of,  by  Ob^errins 
tbeir  Joint  and  Opposea 
Currents,  232 

—  Comparison  of  Eleotromotiye 
Faroes  of,  by  Obsenriog 
Beslstance  through  which 
they  send  Equal  Currents, 
231 

V—  Comparison  of  EleotromotiTe 
Forces  of,  Condenser  Me- 
thod of,  3*1 

•—  Comparison  of  Electromotire 
Forces  of,  Poggendorffs 
-   Method  of,  24i 

— ^  Local  Action  iu,  217 

— »  Measuring  Besistanoes  of,  205, 
225.342 

— ^  Polarisation  in,  216 

Figures  of.  2%) 

— ^SymboUcal  Bepresentation  of, 
173,240 

Battery  and  GalTanometerinWhoat- 
btoue's  Bridge,  Best  Ar- 
rangement of,  172,  467 

^—  ArrangemeDt  for  Shunting 
while  Charging  Condenser 
only,  343 

— '  of  Leyden  Jars,  817 

^—  of  Simple  Voltaic  Elements 
for  Chsjxing  Electrometer 
Needle,  373 

B.  A.  Unit  of  Besistsnce,  Ul 


B.  A.  Unifa  and  Legal  OhmsL  Equa- 
tion Connecting,  142 

Bell  Telephone,  Description  of, 
836 

Bertsoh*0  Botatory  Eleetrophorus, 
861 

Best  Axxanffement  of  Battenr  and 
GolTunometer  in  wheat- 
stone's Bridge,  172,  467 

—  Deflection  to  use  with  Tangeni 

Galvanometer.  41 
Besistanoe  for  Coils  of  Wheat 

stone's  Bridge,  170 
Beaistunce  for  DiffereBtial  Gal- 

Tanometer,  486 
—^  Beslstance  for  Gklnuiometer  in 

Simple  Circuit,  435 
—^  Bedstance  for  Galvanometer  iu 

Wheatstone's  Bridge,  171, 

466 
Besistanoe  to  GiTe  toa  GalTano- 

meter^485 
Bichromate  of  rotash  Cell,  Descrip- 
tion of,  222 
of  Potash  Cell.  Chemical  Action 

in,  223 
of  Potash  Cell,  Composition  of 

Liquid  for.  22i 
of  Potash  Cell,  klectromotive 

Force  of,  228 
Bismuth,  Change  of  Besistanoe  of, 

with  Temperature,  160 
Electric  and  Heat  Conduotiyi- 

ties  of.  Compared,  159 
— ^  Besistsnoe  of,  for  Given  Length 

and    Diameter,     and    for 

Oiven  Leugth  and  Weight, 

157 

—  Besistanoe  of,  per  Cubic  Centi- 

metre, and  per  Cubic  Inch, 
154 

Bobbin  of  Tangent  Galvanometer, 
Proportions  of  Channel  in, 
when  Tangent  Law  is  most 
Accurately  Fulfilled,  51 

Vsriation  of  Msgnetio  Effect  of, 

with  Currunt  sad  BecLit- 
auce,  418 

Variation  of  the  Sensibility  of 

a  Tangent  Galvanometer, 
with  Diameter  of,  48-^51 

Bridge,  Wheatstone's,  16d— 177 

Wheatstone's,  Best  Arrange- 
ment of  Battery  and  Gal- 
vanometer with,  172,  467 

Wheatstone's,  Best  Besistanoe 

of  Galvanometer  for,  171, 
466 

Wheatstone's,  Best  Besistanoe 

of  UoUs  for,  171 

-~~  Wheatstone's,  British  A<nooia- 
tion  Form  of,  168 
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Bridge,  Whefttstone*!,  Oommanaal 
Form  of,  ITS 

—  WhcAtatone't,  Conditions  Af- 

tectiag  SensibiUtj  of.  171 
— ^  Wbeatstone't,  Key  for,  174 

—  WlieatBtone's,  M««ning  of  !>«• 

Hectiou   of   QftlTMiometer 
of.  176 

—  WtaflatsUma's,  Metre  Form  of, 

188 

—  Wheatstone's,  Saperioritr    of, 

over  Differential  Oelveno- 

meter,  171 
Wheatstone's,   Uae   of   Skimt 

with,  176 
firitiah  AModation  Abaolute  Units, 

141 

Association  Bridge.  168 

Assoeiatioii  Unit  of  Eesistanoe, 

141 
Brush  Discbarge,  369 
Bunsen's  CelL  DescriptioB  of,  219 

Cell,  Carbon  for,  8M 

Cell,  Chemical  Action  in,  219 

-^—  Cell,  ElectromctiTe  Force  of, 

220 
Butt  Joint,  79 

0 
rjABLE,  Capacity  of  a  Sabmsrine, 

——  BealiBfr  ap  One  End  of,  when 

Testing,  268 
Calibrating  Ammeters  b;  the  Silver 

Deposit  Method,  S9&— 400 
Ammeters  for  Large  Currents, 

Use  of  Commutator  for,  428 
— —  Commutator  Ammeter.  482 
— —  Commutator  Voltmeter,  433 
•^—  Gulvanometer  by  Direct  Com- 
parison with  Tangent  Oal- 

Tanometer,  58 
— "  Galvanometer    b^r    Employing 

Known     Besistanoes    and 

Cell  of  Constant  E.M.  F., 

2:t8 
——  Oolvauometer    by    Employiniar 

Kuo«^n     Resistances     aud 

Fixed     Puteutial     Differ- 

enoe,  164 
— —  Galvanometer  by  Sine  Method, 

64 
•»—  Golvnuometer,  by  Sine  Method, 

Higlier  Kartsof  Scale  of,  65 
— —  Gnlvauometer  by  Sine  Method 

with  Constust  Current,  67 
——  Galvanometer,     Relatively    or 

Abe<-lurely,  Meaning  of,  22 

—  Galvanometer,     Relatively    t-r 

Alisolutely,  Modoof,  27—30 
»—  G  old-Leaf  Electroscope,  S54 


CalibEKfciBg  Voltmeter  by  Compaii- 
son  with  Standard  Cell, 
4ia->415 

-— •  Voltmeter  by  Poggendoiff  s 
Method,  413 

—  Voltmeter  with  a  Known  Cur- 

rent and  Reaietanoe,  406 
CalibratiozL,  Absolute,  of  Potential 

Difference   Galvanometer, 

127,408-^415 
— —  of  Galvanometer  UnaflTeeted  by 

Changs  in  Streogth,of  Poles 

of  Iffeedle,  23 
Galvanometers  with  Invariable 

Absolute.  57 
Portable    Galvanometer    with 

Approximate  Absolute,  6B 
Calktud  Cell,  DssoriptioD  of,  213 
Candle,  Description  of  Standard,  458 
Candles  instead  of  Standard   Can- 

dies    for    Rough    Experi- 
ments, 46fi 
Capacities,  Comparison  of,  319 
Statical  Method  of  Comparing, 

830 
Oapaei^,   Abaolute    Measurement 

of,  327 

Charge  iu  Terms  of,  303 

Construction  of  Condensers  of 

Very  Lsrge,  317 

Definition  of.  90O 

Measuring  Speoiflo  Inductive, 

382 
-^—  of  Condenser  is  Constant,  302 
— —  of  Condttuer,  Variation  of,  with 

Area  of  its  Coatings,  303 

—  of  Condenser,    Variation    of, 

with  Distance  between  its 
Coatings,  308 

<rf     Condenser,     with     Fbne 

Parallel  Plates,  varies  in- 
versdj    as    Distance   be- 
tween its  Coatings,  307 
— -  of  Cylindrical  Condenser,  303 

of  Sphere  in  Space,  830 

——of  Spherical  Condenser,  338 
— r-  of  Submarine  Cable,  303 
of  Collectors  of  Influenoe  Ma- 
chines, Increasing  the,  370 
-^—  of  Two  Bodies  Constant  while 
their  Relative  Positions  are 
Constant,  838 

Unit  of,  307 

Specific  Inductive,  309 

Carltonic  Dioxide,  Speciflc  Induc- 
tive Capacity  of,  310 
Carbonised  Cloth.  Preparation  of, 
for  Varley's  Resistances,  3^ 
Carbons  for  Bunsen's  Cells,  Mode 

of  MaJdug,  220 
Curdew's  Voltmeter,  Description  of 
the  Latest  Form  of,  4^ 
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Oaidew'BToltmetar,  Adnrntages  of, 

420 
•— ^Yoltmeter     Amiumd    for 

MeasoxiniT  iMCKe  Potential 

DiffereBcea,  425 
— —  Yoltmettf,     Coniitmotioii    of 

Sods  in,  to  FzeTent  Change 

of  Length  with  Tempers- 

tore,  426 
—— Voltmeter,  Diameter  of  Wire 

used  in,  423 
Voltmeter,  Disadrantagefl     of 

427 
——  Voltmeter.    Length   of    Wire 

used  in  tne  Latest  Form 

of,  423 
'——  Voltmeter,  No  Heating  Error 

in,  428 
-^Voltmeter,   Small   Self-Indac- 

tion  in,  427 
Cell,  Baiisen's,  219 

Calland,  213 

IXaniell's,  210 

Fleming's  Standard  Darnell's, 

412 

QraTit  J  DanieU's,  212 

Orove's,  218 

Ijedanch^.  220 

Latimer  Clark's,  410 

Lockwood's,  21ii 

Meidinger'fi,  212 

Minotto'6;  211 

Potash  Bichromate,  222 

Standard  Daniell's,  411 

Chemical  Action  in  a  Bonaen's, 

220 
Chemical  Action  in  a  Daniell's, 

214 
——  Chemieal  Action  in  a  Grote's, 

219 
Chemical  Action  in  a  LecJanoh^, 

221 
— — -  Chemicsl  Action  in  a  Potash 

Bioliromate,  SffiS 
^^  Carbon  for  Bnnsen's,  220 
——  Composition  of  Liqnid  for  Pot- 
ash Bichromate,  222 
Constancy    of   E.  M.  F.    of    a 

DanieU's.  216 
—  Constancy    of    E.M.F.    of    a 

Latimer  Clark's,  411 

E.  H.  F.  of  a  Bansen's,  220 

£.  M.  F.  of  a  Daniell's.  211 

E.  M.  F.  of  aStandard  DanieU's, 

412 
-—  E.  M.  F.  of  a  Grove's,  218 
E.  M.  F.  of  a  Latimer  Clark's, 

411 
—^  E.  H.  F.  of  a  Leclanch^,  222 
E.  M.  F.    of,    Independent    of 

Size  an.l  Shape,  211,  236 
•^E.M.F.,   Temperatore  Varia- 


tion of,  in  Latimer  Clark's^ 

411 

Cell,  E.  H.  Fs.  of,  Compaxiaon  of, 
231,  232,  234, 341 

— —  Local  Action  in,  217 

How  to  prerent  Local  Action 

in  a  Daniell's,  217 

Polarisatiott    in    a    DanielVs, 

216 

Besistance  of  a  Daniell's,  211 

Eesistance  of  a  Grore's,  218 

Resistance  of.  Measuring,  205, 

225,348 

Cells,  Arrangement  of,  239 

•—  Arrangement  of  a  Given  Nmnr 
her  of,  to  produce  M«xt- 
mom  Cnrrent  through  a 
Given  External  Besistance, 
248 

——Arrangement  of  for  Giving 
Maximam  XTsefnl  Power 
to  Conductor  with  Fixed 
Besistance,  450 

Galvanic.  209 

in  Parallel,  E.  M.  F.  of,  241 

Figure  of,  239 

Symbolical  Bepreaentation  of, 

240 

in  Series,  E.  M.  F.  of,  241 

in  Series,  Figure  of,  239 

-—  in  Series,  Symbolical  Bepre- 
sentation  of,  240 

Partly  in  Parallel  and  Partly 

in  Series,  E.  M.  F.  of,  2U 

Partly  in  Parallel  and  Partly 

in  Series,  Figure  of,  23i» 

Partly  in  Parallel  and  Partly 

in  Series,  Symbolical  Bepre- 
sentalion  of,  240 

Standard,  410 

Change  in  Strength  of  Poles  of 
Needle  of  Galvanometer, 
Cidibration  Unaffected  by, 
23 

of  Besistance  with  Tempera- 
ture, Besults  of  Mattnies- 
sen's  Experiments  on,  160 

Charge.    (Sm  Qnantit/.) 

and  DiacharKC  Key,  Descrip- 
tion of,  320,  313 

and   Discharge   Key,  Various 

Modes  of  attaching  to  Con- 
denser, Battery,  and  Gal- 
vanometer, 320—822 

— —  Bate  of  Loss  of.  Depends  on 
Dielectric  Alone,  346 

Electric,  Meaning  of,  109 

Galvauometric  Method  of  Mea- 
suring Besistance  by  Loss 
of,  348 

—  In  Condenser  in  Terms  of  Ca- 
pacity, 308 
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Charge,  Measuring  Beaistaiioe  by 
Bate  of  Lom  of,  843 

—  Bemaining  on  Two  Bodies  after 

Ck>ntact,  115,  851 

Charged  Body  cannot  Exist  Alone, 
339 

Charge!  induced  in  Hollow  Con- 
ductor hy  phioing  a  Charged 
Body  inside  it,  113 

*— on  Two  Conductors  Enclosed 

hy  a  Third.  110 
-—on  Two  Bodies  not  Measured 
hy   the    Potential  jyiSar- 
ence,  85 

Chemical  Action  in  the  Bunsen's 
Cell,  220 

Action  in  the  DanleU's  Cell,  214 

Action  in  the  OzoTe's  Cell,  219 

•^—Action  in  the  Leolanch^  Cell* 
221 

— —  AotJon  in  the  Potash  Bichro- 
mate Cell,  223 

•~—  Property  of  a  Current,  Uses  of,  4 

—  Property  of  a  Currant,  Whr 

Used  to  Measure  Strength 

of  Current,  9 
Cironit,  Law  Couneotiug  Currents 

in  a  Closed,  404 

Wires  Joined  in  Parallel,  136 

Circuits  in  Parallel,  Independence 

of  Currents  in,  260 
Clark's,  Latimer,  Ditferentisl  Oal- 

ranometer,  150 

Latimer,  CelL  410 

—~  Latimer,    Cell,    Constancy    of 

K.M.F.  of,4Il 
— —  Latimer.     Cell,    £.  M.  F.    of, 

411 
-^—  Latimer,  Cell,  Polarisation  of, 

411 
— —  Latimer.     Cell,    Temperature 

Variation   of   E.  M.F.  of, 

411 
Closed   Circuit,    Law     Connecting 

Currents  in,  461 
— -  Conductor,  Density  Nought  on 

Inner  SurfHce  of,  118 
— —  Conductor,     Distrihution     of 

Density  in.  Altered  hy  In- 

sertionof  Metal  Rod,  119 
••—  Conductor,    Potential    Inside, 

96 
Cloth,  Preparation  of  Carhonised, 

for    Yarley's   Besistances, 

397 
Coating     Insulating    Stems    with 

ParaflSn  Wax  or  Shell-lac 

Varnish,  267 
^—  of  a  Condenser,  Every  Charged 

Body  forms  One,  393 
Costings  of  a  Condenser,  Definition 

0^802 


Coll  of  Tangent  GalTsnometer,  Ad- 
justment  of,  46 

Coils,  Besistanoe,  Constmcttom  and 
Use  of,  28, 145 

Besistanoe,     Conatmeyoa     of 

Standard,  162 

— >—  Besistanoe,  Materials  Used  in 
Winding,  159 

Resistance,  &erm«n  Silver,  160 

Resistance,  Iron,  162 

Redstaiioe.  Platinoid,  160 

Resistance,  P1atinum-8ilTerjl60 

Re6i<ctnnce,  Mode  of  Winding, 

103 

-^Resistance,  Ordinary,  Cannot 
be  Used  with  Strong  Cni^ 
rents,  192 

Resistance,      of      Magnifying 

Spring  Voltmeters,  Best 
I^w  of  Gauge  of  Wire  for, 
421 

——  Resistance,  Temperature  Va 
riation  of,  153 

•^— Proportiona],  of  Wheatstone's 
Bridge,  172 

Bate  of  Production  of  Heat  in 

Galvanometer,  419 

Collecting  Combs  of  Wimshurst  Ib- 
flnenoe  Machine,  369 

Collectors  of  Iniluence  Mscfaines, 
Attaching  Leyden  Jars  to, 
370 

— ^  of  Influence  Machines,  Increas- 
ing Capacity  of,  370 

Combination,  Astatic,  283 

Combined  Besistanoe,  178 

Commercial  Form  of  Wheatstone's 
Bridge,  172 

Instrumentsfor  Measuring  Cur- 
rent, 79,  376 

Commutator  Ammeter  and  Volt- 
meter, 427 

Ammeter,  Calibrating,  432 

Ammeter,  Batio  of  Sensibili- 
ties of,  in  Parallel  and  in 
Series,  431 

Ammeter,  Safety  Arrangement 

with,  482 

— —  Use  of,  in  Calibrating  Amme- 
ters for  Large  Currents,  428 

Use  of,  in  Calibrating  Voltme- 
ters, for  large  Potential 
Differences.  428 

Voltmeter,  Caliorating  a,  432 

Comparing  Capacities.  Galvanome* 
trie  Method  of,  319 

Cai>acities,  Statical  Method  o^ 

S30 

«-—  Electromotive  Forces  of  Bat- 
teries by  Observing  their 
Joint  and  Opposed  CaVi 
rsnta.238 
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Comptmg  EleotromotiTe  ForeM  of 
Batteries  bj  Obeerrinff  the 
Beeietanoee  thronjrh  wnicli 
th^  send  Equal  Ciirrents, 
231 

^—  ElectiomotiTe  Forces.  Condcn- 
ser  Method  of,  841 

— —  Electromotire  Forces,  Poggen* 
dorffs  Method  of.  234 

Qaantities  of  Eleutricity,  Fun- 
damental Statical  Method 
of.  Ill 

Qaantities  of  Electricitj,  Oal- 

Tauometrio  Method  of,  299 

Besistanoes,  Equality  of  Cur- 
rent Method  of,  136 

Besistanoes,  Potential  Differ- 
ence Method  of.  140 

Besistanceff,  Simple  Substitii- 

tion  Method  of,  138 

Besistanoee,  Use  of  Differen- 
tial GhilTanometer  for,  148 

—— Besistances,  Use  of  Wheat- 
stone's  Bridge  for,  97 

Comparison  of  Difference  of  Poten- 
tial with  DifFerenoe  of 
Level  in  Liquids,  86 

-^—  of  Difference  of  Potential  with 
Difference  of  Pressure  in 
Oases,  86 

•^^of  Electric  and  Heat  Conduc- 
tivities, 158 

of  Measurement  of  Poteittial 

with  Measurement  of  Tem- 
perature, 85 

— —  of  Beststanoe  per  Cubic  Centime- 
tre, and  per  Cubic  Inch,  348 

of  Static  ana  Current  Methods 

of  Measuring  Potential  Dif- 
ferences, 125 

of  Use  of  Liquid  and  Wire  Be* 

sistances,  194 

Component,  Horizontal,  of  the 
Earth's  Magnetic  Force, 
Definition  of,  note^  55 

ComxKwition  of  Liquid  for  Potash 
Bichromate  Cell,  222 

Componnd  Interest  Law  of  Electxo- 
phoric  Action,  366 

Interest  Law  of  Slectrophoiic 

Action,  when  firstiUsed,  366 

——Interest  Law  of  Influence  Ma- 
chines, 364 

Oondeufier,  Arrangement  for  Shunt- 
ing Battery  only  while 
Charging,  348 

Capacity  of,  302 

Capacity  of  Cylindrical.  308 

Capacity  of  Spherical,  S38 

Coatings  of,  302 

Constancy  of  Capacity  of,  808 

—  Definition  of,  801 


Condenrer,  Bresy  Charged  Body 
forms  On«>  Coatingof  oJSSa 

—  Method  of  C'  mpuring  E.M.F8., 
341 

Method  of  Measuring  Besist- 

ance  of  a  Current  Genera- 
tor, 842 

— -  Standard  Air,  884 

-^—  Variation  of  Capacity  of,  with 
Area  of  Coatings,  803 

— —  Variation  of  Capacity  of,  with 
Distance  between  Coat- 
ings, 303 

with  Plane  Parallel  Plates,  Ca^ 

pacity  of.  Varies  Inverselr 
as  Distance  between  Coat- 
ings, 907 

Condensers  for  Large  Potential  Dif- 
ferences, Construction  of, 
313 

for  use  with  Frictlonal  and  In- 

Quence  Machines,  313 

not  Stores  of  Electricity,  822 

—^  of  Very  Large  Capacity,  Con- 
struction of.  817 

Stores  of  Electric  Energy,  822 

Condensing  Electroscope,  352 

Conditions  affecting  Sensibility  of 
Wheatstone's  Bridge,  171 

General,  for   Sine  Law  to  be 

True.  62 

General^  for  T^gent  Law  to  be 

True,  43 

for  Sine  Law  being  Fulfilled 

in  a  Galvanometer,  62 

— —  for  Tangent  Law  being  Fulfilled 
in  a  Galvanometer,  43 

•—  of  an  Experiment,  Necessity  for 
Changing  only  One  at  ft 
Time,  146 

to  be  Fulfilled  in  Making  Tan- 

gent  Galvanometer,  36 

to  be  FulHUed  in  Making  Yerj 

Sensitive  Galvanometer^2Sl 

Conduction  and  Induction,  Distino- 
tion  between,  97 

Definition  of,  97 

of  Heat,  no*«,  195 

Conductivities,  Comparison  of  Elec- 
tric and  Heat,  158 

Coodnctivity,  9 

Exact  Definition  of.  155 

Electric,     Dimiuishing     More 

Bapidly  than  Heat,  159 

Conductor,  Closed,  Density  Nought 
on  Inner  Surface  of,  118 

— —  Clo8(>d,  Distribution  of  Density 
in,  Altered  by  Insertion  m 
Metal  Bod,  119 

-^  Closed,  Hollow,  No  Force  in- 
side, due  to  Exterior  £le<y 
triflcation,  98 
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Coadaetor,  CooJoftLElMtrJo  T)eiiflitT 
GreRt  at  Pointed  End  o^ 
118 

A—-  Dependenoe  of  Potential  of,  on 
Amount  of  Electrieitj  on 
it,  119 

-'—  Dependenoe  of  Potential  of,  on 
Position.  119 

^—  Dependenoe  <  f  Potential  of,  on 
Shape,  119 

^->-  Electno,  Heat  evolved  in,  S,  199 

Electricity  at  Beat  resides  only 

on  Surface  of,  119 

-—  of  Fixed'  Beaistitnce,  Anange> 
moat  of  Cells  Kivinf?  Maii- 
muxn  Usefnl  Power  to,  450 

Potential  inside  a  Closed,  98 

— —  Potential  of,  compared  with 
Pressure  of  Gas,  121 

Uniform  Potential  on  a,  86 

Ways  in  which    Potential  of, 

canbeYariad,  121 

Conductors,  9 

•—  Charges  on  Two,  Enclosed  by  a 
Third,  110 

•— —  of  Diffidnent  Potential,  Induc- 
tive Action  lifetween,  87 

Conical  Conductor,  Electric  Denaitr 
Great  at  Pointed  End  of, 
118 

Connection  between  Angular  Motion 
of  Beflected'Kay  and  of 
Mirror,  lOd 

——between  Motion  of  Image  on 
a  Plane  Scale  and  Anirul.>r 
Deflection  of  Mirror,  107 

— —  between  Poles  of  Magnet  and 
Direction  of  Current  cir- 
culating round  Magnet,  17 

Constancy  of  Capacity  of  Condenser, 
30*^ 

•~—  of  Capacity  of  Two  Bodies  while 
tiieir    Belative    PositionB 
•rooiain  Constant,  338 

of  E.M.F.  of    DanieU'a  CeU. 

216 

of  E.  M.  F.  of  Latimer  Clark's 

Cell,  411 

*—  of  Bate  of  Production  of  Heat 
bi  a  Wire  by  Constant  Cur- 
rent, 197 

Constant  Current,  Calibration  by 
Sine  Method  with,  67 

of  a  Galvanometer,  278 

— —  Total,  Current  Sbuuta,  257 

Constructing  Voltameters,  Objec- 
tions to  usual  Mode  of,  17 

Contact  Potentiid  Difference,  351 

Controlling  Field,  Galvanometer 
having  Uniform,  in  which 
Deflection  Varies  as  Cur- 
rent, 72 


OontroUing  Foroacansed  hf  Powck 

fill    Pennanent     Magnet 

Galvanometers  havinip,  73 
Convection  of  Heat,  nMe,  196 
Cooling  Correction  of  Observed  Bis  . 

of  Temperatuvs  Cnrre^  19^ 
Copper,  Chaiwe  of  Besistonoe  of, 

with  Temperataz«,  160 
—  Electrio  and  Heat  CondnctiTl- 

ties  of.  Compared,  159 
— —  Besistanoe  of,  for  Grven  Length 

and    Diameter,     end     fc 

Gi^en  Length  nd  Weigtac, 

157 
'—  Besiatanoe  of,  per  Cahic  Ceati- 

metre,  and  per  Cnbic  Inch, 

154 

Voltameter,  Doscrii^tion  of,  6, 11 

Voltameter,  Direction  at  Cur- 
rent in,  15 
-^—  Voltameter,     Precantkma     in 

Usii^,  ntft«,  II 
"—  Voltameter,  Weight  of  Copper 

dt'poeited  on  Plate  of,  per 

second,  by  one  Ampere,  11 
Corea,  Soft  Iron,  used  in  Ghalvano- 

mettra,  73 
OoiTTeeting  Results  of  ExptnimeiitB 

by  Drawing  Curves,  34 
Correction,  Cooling,    of    Observed 

Biae      of       Temperatura 

Curve,  196 
Correction  for  Damping.  296 
Corrugating  Sides  of  Ebonite  Pil- 
lars, 272 
Coulomb,  DefinitioB  of  the,  289 
Couple.  Defluition  of.  fuU,  2SS 
Defluition    of  Moment   of   n, 

«cf«.  283 
Crompton  and  Kapp's  Electro-Mag- 

netio  Control  Meters,  898 
and   Kapp's  Electro-Magnetio 

Control    Meters,   Advant- 
ages and  Disadvantages  oL 

384 
Cunynghame's  Ammeter  and  Vol^ 

meter,  8^2 
— -Aminet^  and  Voltmete^  Ad;* 

vantages    and   Disadvan^ 

ages  of,  385 
•—  Ammeter      and       Voltmeterp 

Graduation  of.  385 
Current,  Alternating,  Definition  of, 

198 
Alternating,  Measurement  oL 

198,381 
Amount  of  Heat  Generated  by 

Electric,  192 
——  Amount  of  Heat  produced  per 

Minute  by  given,  in  given 

Besistanoe,  199 
Amingement  <^  given  Numbei 
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«f  Cells  to'produoa  Mui- 

mnm,  thiongh  given  Ex- 
ternal Beeistenoe,  248 
Cozrent  and  Besistanee,  Yaziatdon  of 

Kagnetio  Effect  of  Bobbin 

^^th,418 
^-»  and  Static  MetJioda  of  Measu- 
ring Potential  Differencee 

Compaxed,  125 
Calibration   by   Sine    Method 

with  Constant,  67 
—  ConuneoKsial    InstramentB  for 

Meaeoiing,  79,  376 
—— Connection  betweea  Dizeotion 

of,  and  Poles  ol  Magnet 

piodnoe^,  17 
— —  Constancy  of  Bate  of  Prodno- 

tion  of  Heat  in  a  giren 

Coa  by  Constant^  107 

Definition  of  Direotion  of,  14 

^— DeTeloping    Masimun  Usefal 

Power  in  Oenentor  with 

Fixed  E.M.F.  and  Besist- 

anee,4i8 
-^-  l>irBction  of,  in  Add,  Copper, 

and  2Uno  Voltameters,  15 
— —  Dxreddon  of,   ronnd  Msgnet^ 

and  Poles  ptodaced,  17 
-—Electric,  Compared  fdtii  Cva- 

rent  of  Water  Jt,80 

Electric,  Heat  is  Evolved  by,  8 

•^—  Electric,  Liqcdd  is  Decompcwed 

by.  8 
Electric,  Magnet  is  Deflected 

by,  8 
<— ^  Electric,  Propertiee  of,  8 

Electric,  What  is  Meant  by,  2 

Electric,  When  said  to  Flow  in 

a  Condootor,  8 
Flowing  in  Flat  CoiL  Direction 

of    Magnetic   Force    pro< 

diicedby,48 
Cenerator,   definition  of  EflU 

ciencyof,461 

—  Generator,    Measurement    of 

E.  M.  F.  of,  224, 231, 23i,  841 

—  Qeoerator,  Work  done  by  a,  202 
Generators,  2Qa    (Sm  also  Cell 

and  Batteries.) 
^—  Increase  of  TotaL  hy  Shnntiiig, 

188 
^»- Indication  of  Direction  of,  in 
Magnifying  Spring  Amme- 
ter and  Voltmeter,  88B 
— »  Measoring  Alternating,  196 
— -  Measuring,  by  Bate  of  Produc- 
tion of  Heat,  197 
*-"  Measuring  Strength  of,  4^  8 
—^Measuring  with  Siemens'  Dy- 
namometer, 879 
Measaring  Besistance   during 
of  Strong,  187 


Current  of  Water  fa.  Pipe  Compared 
with  Electric  Current,  80 

Properties  of,  8 

Proportional   to    Tangent    ol 

Angle  in  Tangent  GalTa- 
nometers,  43 

Batio  of,  to  Potential  Differ- 

ence Constant  for  GKven 
Conductor,  190 

—  Besistanoe    Coils    Heated    Vj 

Strong,  192 

—  BeversiDg,  without  Altering  iti 

Value,  47 
Strength,  Why  Measured  Fan- 

damentally    by    Chemical 

Property,  10 
Testing  Ammeters  for  Emnr  on 

Berersing  the,  402 

—  that  Develops  Maximnm  Use- 

ful Power,  448 
through  the  Galvanometer  of 

Wheatstcne's  Bridge,  435 

Unit  of,  U 

Variation  of,  with  Variation  of 

Potential     Difference     at 

Battery  Terminals,  204 
-^  Variation  of,  produced  m  Total, 

by  Shouting  Part  of  Cir^ 

cuit,258 

What  is  Meant  Vy,  8 

Currents  in  Closed  Circuit,  LawCon- 

neoting,  464 

in  Network  462 

in  Various  Circuits  in  Parallel, 

Condition  of  Independence 

of.  260 

Several,  Meeting  at  a  Point,  4M 

-^—  Thomson's    Galvanometer    for 

Large,  53 
Curve,  Coohng  Correction  of  Ob- 

aervt^  Rise  of  Temper»- 

tnre,  196 

'  Definition  of  Elastic,  84 

Finding  the  Marimum  for  an 

Expression  by  means  of,  244 
^—  Interpolatiun   of    Besults    tiy 

means  of,  34 
——Law  connecting  Two  Sets  of 

Facts  determined  by  means 

of,  85 
Curves,  Drawing,on  Squared  Paper, 

81 
^■^  Drawing,  to  Correct  Besults  of 

Experiments,  84 
— —  on  Squared  Paper,  Meaning  of 

Apparent  Inaccuracies  in, 

33 
-^  Value  of.  for  Graphically  Be- 

oording  Besults  of  Experi- 
ments, 33 
Cylindrical  Condenser,  Cavadty  oC 

806 
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I) 

"nAMPIKa.  291 

'^  — —  Apparent  Xnereaae  in  Be* 

ri«t>noe  of  a  Qalvanometer 

due  to,  819 
'—  Correotion  for,  296 

Definition  of,  284 

Daniell's  Cell,  Deaoription  of,  210 

Cell,  Chemical  Action  in,  214 

Cell,  Constancy  of  E.  M.  F.  in, 

216 

CeU,  £.  H.  F.  of.  211 

CeU,  E.  M.  F.  of  Stanaazd,  411 

CeU,  OraTlty,  212 

CeU,  Fleming's  Standard,  412 

CeU,  How  to    PreTent    Local 

Action  in,  217 
CeU,  Polairiaation  in,  216 

—  Cell,  Beaiataaee  of,  211 

CeU.  Standard,  411 

Dead-Beat,  Shielded,  Direot-Bead- 

ing  Galvanometers,  Ad- 
Tantagea  of,  78 

Decromant,  Determination  of  Log- 
arithmic, when  Damping 
is  Very  SUght,  297 

^~  Logarithmic,  296 

Definition  of  Alternating  Corroni, 
198 

— —  of  the  Ampere,  11 

— —  of  Brush  Discharge,  869 

of  Capacity,  800 

<—  of  Capacity  of  Condenser,  802 

of  Condenser.  801 

of  Condnctivity,  155 

—  of  Contact  Potential  DifKarenoe, 

351 

of  the  Conlomht  289 

of  Conple,  283 

of  DifFerenoe  of  Potentials,  80 

^~  of  Damping,  281 
of  Dielectric,  311 

—  of  Direction  of  Current,  14 

— —  of  Efficiency  of  Corrent  Qene- 
rator,  451 

—  of  Efficiency  of  Electric  Light, 

4SS 
of  Elastic  Cnrre,  M 

—  of  Electric  Density,  117 

— —  of  Electromotire  roroe,  202 

of  the  Farad,  307 

-~—  of  Ghdvanometer,  iu>U,  21 

of  Galvanosoope,  ^mAs^  21 

of  Glow  Discharge,  note,  869 

of  Hermetically  Sealing,  noU,  20 

— —  of  Horixontal    Component    of 

Earth's    Magnetic   Force, 

nAf«,  55 
-^—  of  Hypotenuse,  tiots,  38 
^—  of  Inductive  Action,  87 
— —  of  the  Jonle,  461 


Definition  of  Lines  of  Force,  4S 
—-^  of  Logarithmic  Decrement,  896 

of  M^netic  Axis  of  a  Needle, 

37 
'—'  of  Magnetic  Saturation.  388 

—  of  Moment  of  Couple.  i>o(f,  28S 
•—  of  Moment  of  Inertia,  78 

of  North-eeeking  End  of  Mag- 
net, 16 

of  the  Ohm,  140 

of  Parallflx,  aotf ,  88 

of  Periodic  Time  of  Txhration, 

291  ■ 

—  of  Plane  of  Magnetic  Meridian, 

note,  45 

—  of  Potent-'al  Diiferenoe,  80 
of  Power,  441 

of  Quantity  of  Electricity.  109 

of  Besidual  Magnetism,  385 

of  Betardation,  331 

of  the  Saturation  of  Liquid,  411 

of  Short-Cirottited,  217 

of  Sine,  tiota,  38 

of  Solenoid,  nnts,  887 

— —  of  Si>ecifio  Indactive  Capacity, 
309 

—  of  Striking  Distance,  nvk*^  371 
of  Snper-ntoration,  not*,  411 

—  of  Tanxent.  note,  37 

of  tbe  Yolt,  Legal,  141 

of  the  Volt,  Prortsional,  89 

of  Uniform  Magnetic  Field,  88 

of  Water  Equivalent,  1S6 

of  the  Watt.  442 

Definitions  of  Conduetion  and  In- 
duction, 07 

Deflecting  Field,  Magnetic,  73 

Deflection,  Angular,  of  Mirror,  Con- 
nection between,  and  Mo- 
tion of  Image  on  Plane 
Scale,  107 

Beet,  to  use  with  Tlsngent  Qal- 

▼anometer,  41 

— -  with  GalTonometer  of  Who  it- 
8tone*8  Bridge,  Mea:::ing  o(, 
176 

-^  Proportional  to  Cnrrant,  Con- 
struction of  Galvanometers 
with,  71 

Deflections  of  TangentGalTanometer 
Controlled  Only  by  Earth's 
Magnetism,  Valines  in  Am- 
peres of,  84 

D^l«e  and'nuigeat  Scales,  A  ocurai^ 
of  Beadings  Compared,  40 

DeUcate  Galvanometers,  281.  (Soa 
also  Galvanometer.) 

Galvanometers,  Importaaee  ol 

being  WeU  Tnsmat>ed,  286 

Density,  Distribution  of,  in  Clo«^ed 
Conductor  Altered  by  In- 
sertion ol  Metal  Bod,  119 
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■llv  BHeotrio,  Definition  of,  117 
Electrxc,  Onat  at  Pointed  End 
of  a  Conical  Gondactor,  118 

Electric,  Greater  near  Edges  of 

Flat  Sheet  of  Metal,  118 

'——  Electric,  Meaeuring,  by  means 
of  Proof  Plane,  117 

Electxio,  Nonght  on  Inner  Sur- 

fnoe  of  CloBed  Conductor, 
118 

— —  Electr  c.  Potential,  and  Qnan- 
tity.  Examples  showing 
Diilerence  between,  121 

Dependence  of  Kate  of  Loss  of 
Charge  on  Dielectric  Only, 
S46 

Depres,  £.  M.  F.  nsed  by,  in  Trans- 
mittiDg  Power  Thirty- 
seren  Miles,  4&2 

Detector,  58 

Determination  of  Logarithmic  De- 
crement when  Damping  is 
▼ei7  Slight,  297 

Diameter  of  Bobbin,  Variation  of 
Sensibility  of  Galvanome- 
ter with,  48 

Dielectric,  Definition  of,  311 

Only,  Dependence  of  Bate  of 

Loss  of  Charge  on,  S47 

Difference  between  Saturation  and 
SuperHsattiration,  noUf  ill 

«—  in  Colour  between  Candle  and 
Arc  Light,  How  to  Over- 
come, in  Measoring  Arc 
Light,  457 

-^— of  Potentisd,  Adjusting  Balls 
of  Electrical  Machine  to 
produce  Given  Maximum, 
372 

—  of  Potential,  Alternating,   In* 

creases  Practice  Kesist- 
ance  of  Voltmeters,  427 

— ^of  Potential,  Alternating,  Mea- 
suring, 426 

— •  of  Potential  at  Battery  Termi- 
nals, Variution  of,  with 
Chaiage  of  Current,  204 

•'—of  Potential  between  Two 
Conductors  not  Meosaring 
Difference  in  their  Electric 
Charges,  85 

*— —  of  Potential  between  Two 
PlflAe  ConductorSyFormula 
connecting,  with  Distance 
and  Attraction  between 
them,  87 

— -xif  Potential  between  Two 
Points  in  a  Uniform  Wire 
Conveying  Current  Pro- 
portional to  Distance  be- 
tween them,  83 

—  o(  Potential  Charges  on  Two 


Conductors  Tary  as,  while 
their  Relative  Positions  re- 
main Constant,  110 
Difference  of  Potential  Compared 
with  Differoace  of  Level  in 
Liquids,  86 

Potential  Compared  with 
Difference  of  Pressure  in 
Gases,  86 

Potential  Compared  with 
Difference  of  Pressure  of 
Water  Flowing  in  a  Pipe, 
81 

Potential,  Contact,  351 

Potential,  Definition  of,  80 

Potential  Galvanometer  Ab- 
solutely Calibrated,  127, 
406,415 

Potential  Galvanometer, 
Long  Fine  Wire  Used  in, 
127 

Potential  GMvanometer, 
When  itmiqr  be  Employed, 
127 

Potential,  Increasing  a,  in 
Known  Batio,  354 

Potential,  Large,  351 

Potential,  Measuring,  by 
Weighing,  88 

Potential  Method  of  Com- 
paring Resistances,  140 

Potential,  Ratio  of,  to  Cuz^ 
rent.  Constant  for  Given 
Conductor,  130 

Potential,  Ratio  of,  to  Car. 
rent  is  Resistance,  130 

Potential  Required  to  Main- 
tain Electric  Ato  between 
Two  Carbons,  note,  371 

Potential  Required  to  Pro- 
duce Spark  between  Point 
and  Plate,  371 

Potential  Required  to  Pro. 
duce  Spark  between  Two 
Metallic  Balls,  370 

Potential,  Static  and  Cur- 
rent Methods  of  Measur- 
ing, Compared,  125 

Potential,  Sub-dividing  into 
Known  Fractions,  278 

Potential,  Unit  of,  89, 141 

Potential,  Variation  o^,  with 
Resistance  of  (Jiven  Volt- 
meter to  Produce  Givon 
Deflection,  41? 
Differences  between  Electric  Poten- 
tial and  Pressure  of  Water 
Flowing  in. a  Pipe,  83 
Differential  Galvanometer,  Best  Be* 

sistanoe  for,  436 
—  Galvanometar,  Construction  o<s 
140 
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DUferentlal  OalTftnometer,  Latimer 

dark's,  150 
Galvanometer,  Mode   of   Ad- 

Jnetioflr,  150 
<^—  Galvanometer,  Principle  of,  148 

—  QaJLvanometer,  Saperiority   of 

Wbeatstone's  Bridge  over, 

171 
Galranometer,  Uee  ol  Shnnte 

with,  183 
Dilate  Sniphurio  Acid,  EiTeot  of 

ElectrolysiB  of,  15 
Diminution   of  Resistanee  of   In- 

ralaton  with  Increaae  ol 

Temperatore,  271 
Direet  Comparison  with  Tangent 

Galvanometer,  Gab'brating 

Galvanometer  by,  58 

Heading  Qalvanome^rs,  76 

Beading,  Shielded,  Dead-Beat 

Galvanometere,      Advant- 

ageeof,  78 
Dixeotion  of  Coirent,  Definition  of, 

U 
——of  Current    in   Add,  Copper, 

and  Zine  Toltameters,  ii 
— —  of  Current      in      Hagni^ring 

Spring  Ammeteraand  v  olt> 

meters.  Indication  of,  388 

—  of  Current      round     Uagnet. 

Conneolioin  betweeu,  and 
Poles  produced,  17 

of  Flow  of  ElecMo  Current, 

What  is  Meant  by,  8 

—  of  Magnetic   Force  jnrodnoed 

by  Current  in  Flat  Coil, 

Disadvantage  of  Msgnifying  Spring 
Ammeter  and  Voltmeter, 
391 

Disadvantsges  of  Caidew's  Volt- 
meter, S8S 

—  of  Cunyngfasme's  Ammeter  and 

Voltmi^er,  427 

—  of  Electro •  Magnetio     Control 

Metera,  385 
^— of    Gravity    Control   Meters^ 


^-^  <rf  Permanent  Msgnet  Meters, 

376 
of  Siemens'  Eiaetro-dynomoaa^ 

tor,  381 
of  Thomson's   Large   Current 

Galvanometer,  54 
Discharge,  Brush.  309 
<—  Glow,  nioU,  360 
——Multiplying  Power  of  Shunt 

used  in  Mesamring,  340 
Dispersion  Photometer,  454 
Distance  Spark  can  be  sent  between 

Balls  of  Inflnsnoe  Machine, 

871 


Difltinetion    between    CondnetiCB 

and  Induction,  07 
between     Galvanometer    and 

Galvaaoficope,  not*.  21 
Distribution  of  Magnetism  in  Per- 
manent Magnet,    H>*aanr- 

ing,  24 

of  Power  in  a  Circuit,  445 

Disturbanoe,   Magnetic,   ffiuelding 

Galvanometers   from   Ez- 

tmneous,  73 
Drawing  Curves  on  Squared  Paper, 

81 
Curves  to  Correct  Basalts  ol 

Experiments,  34 
Dry  Pile,  372 
Duplex     Telegrsph^,      Beaistsaee 

Boxes  used  in,  180 
l^ynamometer,  Messuring  Currents 

with  Siemens'  Electro-,  379 
—— Stemfflis' Electro-,  377.  (8m  also 

Siemens'  Eleotro-I^ynamo- 

meter.) 

E 

1?ABTH,  Potential  of,  Arbitrsrily 

-^    taken  as  Non-fat,  84 

Earth's  Magnetic  Force,  Definition 
of  the  Horizontal  Compo- 
nent of,  nMe,  55 

IHiMmite  Eleetrophorus  for  giving 
Negative  Charges,  8f» 

— •  Eleetrophorus  for  giving  Posi- 
tive Charges,  857 

^^^'^  Corrugating  Sides  of, 

•—  Pillars,  Common  Fault  in  Con- 
stmotinff,  272 

Seeostsnoe  ol,  S71 

— —  Specific  Inductive  Capacity  of, 
SIO 

Edelmann's  Electrometer,  Sug- 
gested Improvements  in, 
134 

— —  Modification  of  lliomsoD's 
Quadrant  Eleetrometer,  130 

Effect  of  Electrolysis  of  Dilute  Sul- 
phnrio  Acid,  15 

BIBaency  Increases  with  Power  in 
Electric  Lamps,  458 

of  Arc  Light,  Measuring,  455 

— —  of  Current  Generator,  Defini- 
tion of,  451 

-^ol  Electric  Light,  Measuring, 
452 

of  Incandescent  Lamps,  488 

Elastic  Curve,  Definition  of,  34 

Eleotrie  and  Heat  Conductivities, 
Comparison  of,  156 

ApparatniB,  Stafic,  should  be  En- 

fliosed  in  MetallioOMSb  108 
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Btoetric  Are,  DascripUon  of,  188, 454 

Are,    Measuring   IllnmixuttiDg 

Power  of,  in  any  Plane,  457 
—  Are,  Potential  Difference  Re- 
qnired  to  maintain,  be- 
tween Two  Carbons,  no(f, 
S71 

Cbarge,  100.    (S««  Charge.) 

Circnit,  Work  done  in,  199 

— •  Condnctivity  Diminishes  more 
Kapidly  thai  Heat  Con- 
duotlTitT,  159 

Cnrrent.    (Sm  Current.) 

-^—  Denfdtj.     (8«€  Density.) 

Energy.     {3f  Enetgy.) 

Lamps,  Description  of  Aro  and 

lucandescent,  454 

Lamps.  Efficiency  of.  Increasing 

with  Power,  458 
~—  Light,  Measuring  Efflcieney  of, 
452 

Potential.    (8m  Potential.) 

QoADtity.    (See  Quantity.) 

Sparks.    (See  Sparks.) 

Electrical  Machines,  FrictionaL  (5m 

Machines.) 
*— -  M'M^hinfHi,  Influenoe,    (Sm  Ma- 
chines.) 
^— Unita,    Ohm    only    one    jet 

Legalised,  140 
Electricity  at  Best  Besides  only  on 
Surface  of  Conductor,  119 
-*->  Com]Hiring  (Quantities  of,  Qal- 

Tanometncally,  299 
Comparing  Quantities  of.  Stati- 
cally, in 

(Condensers  not  Stores  of,  but 

of  Electric  Energy.  322 
—•Measuring  Quantity  of,  Abso- 
lutely, 2»9 

Positive  and  Negative,  85 

— —  Potential  of  (k>uductor  Depends 
imrtly  on  Amount  of,  119 

Quantity  of.  Defined,  109 

Unit  of  (Quantity  of,  289 

<— —  ()aantitj  of,  produced  by  Bub- 
bing  Two  Bodies  together, 
115 
Bleotriflcation,  Amount  of  a  Body's, 

109 
——Exterior,    No    Force    inside 
Closed  Hollow  O>nductor 
One  to,  99 
— —  Object  of  Bubbing  Two  Bodies 

together  to  prodnce,  115 
Electro  -  Dynamometer,    Siemens'. 
377.     {S«4    also    Siemens 
Electro-Dyxuimometer . ) 
Electrode,  Definition  of,  not«,  131 
Elecux>lyBis,  Effect  of.   of  Dilute 

Sulphuric  Acid,  15 
Electro-Magnet,  Description  olt  6 

O  Q 


Eleotro-Msgoet,  Strcogth  of,  whea 
Core    is     Slightly    Mag. 
netised,  882 
— -  Msgnet,  Saturation  of,  388 
— —  Magnetic  Control  Meters,  392 
Magnetic  Control  Meters,  Ad- 
ran  tagos  of,  39  i 
— —  Magnetic      O>ntrol      Meters. 
Crompton  and  Kapp's,  392 
— —  Magnetic  Control  Meters,  Dts 
advantages  of,  884 

—  Magnetic      O>ntrol      Meters, 

Paterson  and  CJooper'e,  393 
Eleotrometer,   Edelmann's   Modiil- 

cation  of  Thomson's,  130 
— -  Suggested    Improvements    m 

Edelmann's,  134 

—  Use  of,  for  proving  Ohm's  Law, 

IM 

Bough,  94 

— —  Thomson's  Absolute,  Portable, 

and  (Quadrant,  93 
'-—  Weight,  Lecture-room   Model 

of,  88 

Onard  Bing  for  Weight,  89 

—^  Weight,  Increasing  Sensibility 

of,  by  using  Auxiliary  High 

Potential,  91 
Electromotive  Force,  Definition  of, 

20t 
Force,      Constancy      ci,      in 

DanieU's  Cell,  818 

—  Force,   Measuring   Besistanoe 

Containing,  409 
——Force  of  Oil  Independent  of 

its  Size  and  Shape,  211,  23G 

Force  of  Bunsen's  Cell,  220 

Force  of  Daniell's  Cell,  211 

Force  of  Qrove's  (^11,  218 

Force  of  Leclanchtf  Cell,  222 

Force  of  Latimer  Clark's  CelL 

411 

—  Force  of  Latimer  Clark's  Cell, 

Variation  of,  with  Tempera* 
tore.  411 

Force   of   Standard  Daniell's 

C;eU,412 

Force  of  Cells  in  Parallel,  241 

Force  of  Cells  in  Series,  241 

'—  Force  of  Cells  partly  in  Series 
and  partly  in  ParaUeL 
241 

Force  UsedbyDepres  in  Trans- 
mitting Power  37  Miles, 
452 

— —  Forces  of  Batteries,  Compari- 
son of,  by  obserrirg  Hesist- 
ance  through  which  they 
send  Equal  Currents,  231 

— — >  Force  o(  Batteries,  Comparison 
of,  by  observing  their  Joint 
anil  Opposed  (torrents,  288 
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£lMtxoinotiT9  IVmnm  of  Ciuivut 
Oflocnton.  Condenser 
Method  of  Comparing,  841 

Foroe,  Meunring,  224 

Electiioiihorlo  Action,  Compoand 
Interact  Lew  of.  361—372 

Electrophonu,  Aotion  of,  360 

Bertwsh'a  BoUtory,  361 

Deeeription  of,  356 

—  Ebonite,     givinf     Negatire 

ChargeB,350 

—  Ebonite,     lOTii^      PoaitiTe 

Cban»a,357 

ElectitMoope,  Calibrating  Gold-Leof , 
354 

Condensing,  8B2 

-~-  Oold-Lcef ,  Improred  Form  of, 
M 

^—  Indicates  Potential  Diifereboea 
95 

-~-  Yamishing  Shade  of  Ordinazj 
Gold  Leaf,  97 

Eleotroeoopes,  Obieetions  to  Ordi- 
nary Gold-Leaf,  96 

Element,  Simple  Yoltaac,  209 

E.  X.  F.,  Meaning  of,  204.  (Sm  also 
ElectromotiTe  Force.) 

Enclosure  oi  Statio  Electric  Appa- 
ratna    in    Metallio    Case 
Neoeasary,  106 
Condensera  Stoics  of  Else- 
trie,  322 

Produced  by  Frictional  Elec- 
trical Machine,  S.'H 

—  Waste  of,  in  Yoltmeters  with 

High  Eztemal  Besistance, 
422 

EqniTalent  of  Heat,  Mechanical,  901 

Error  in  Ammeters  on  Berersi^ 
the  Current,  Testing  for,  402 

^— .  in  Ammeters  Produced  by  Ex* 
temal  Magnetic  Disturb- 
ance. Testing  for,  408 

*—  in  Ammeters  Produced  by  Be- 
sidnal  Magnetinn,  Testing 
for,  400 

— —  in  Ammeters  Produced  by  Time, 
Testing  for,  407 

Testing  Yoltmeters  for  Heat- 
ing, 415 

Errors  in  Yoltmeters,  Different 
Kinds  of,  407 

-^  in  Wattmeters,  415 

Examples :  L.  12 ;  ii. — vii.,  13 ;  viti., 
14 ;  uc,  X.,  52 ;  n.,  53 ;  xii. 
xiiL,55:  xiv.,56;  xr.,  zvi, 
67;  XTii.,  80;  xviiL,  xix., 
90;  XX.,  01;  xxi.— zziv., 
14S|  XXV.,  143;  xxx'i.— 
xxyiiL,  155;  xxix.,  156; 
xn.— xxxiii.,  156;  xxxiT., 
r.— xxxtII.,    163; 


xxxTiii.— xl.,  UO:  ^L^ 
xliiL,  201 ;  xBt^  S»  :  x1t« 
206;  xItL— xUx.,  »7;  L, 
11.,  227;  lit,  liu..  228:  Ut^ 
232;  It.— Ivil,2S3;  Ituo.— 
Ix.,  242;  Ixi.,  243;  Ixii.. 
247 ;  Lull.,  IxiT.,  246  ;  Ixr.. 
249;  hirl,  250;  Ixrfi.— 
Ixix.,  2S8;  Ixx.,  Ixxi^  255; 
Ixxii,  Ixxiii.,  256;  lxxtr.« 
2S0;  IzxT.,  260;  Ixxri.. 
262 ;  IxxviL,  263 ;  hcxriu., 
264;  Ixxix.,  Ixxx.,  9SS; 
IxxxL,  280 ;  ^'«'*^*. — uxxfr^ 
281;  IxxxT.,  294;  Ixxxri., 
IxxxTii.,  266 ;  IxxxTiiL,  297  ; 
Ixxxix. — xcL,  996 :  xciL, 
311 ;  xciii.— xer.,  812  ;  xcvi^ 
xovii.,  313;  xcriiL,  xcix^ 
323;  o.,  325;  oi.,  326;  eii., 
341;  ciiL,  350;  CtT.,  437; 
CT.j  CTi.,  436;  eriL,  499; 
cviii.,  cix.,  440;  ex.,  exi^ 
443 ;  cxii.,  cxiiL,  444 ;  cxir^ 
446 ;  CXT.,  cxri.,  417 ;  cxriL. 
cxriii.,  459;  exix.»  460; 
cxx.,  4t7l ;  exxi.,  473 ;  exxii.^ 
474 :  cxxia.,  475 

Examples  showing  Diffearenoe  be- 
tween Eleetrie  Potentisl, 
Density,  and  Quantity.  121 

Explanation  of  Eleotno  dancing, 
note,  356 

External  Besistance,  Yaiiation  of, 
with  Current  and  Potoa- 
tial  Difference  at  Battery 
Terminals,  204 

EquaU^  of  Charges  on  Two  Bodies 
obtained  by  Bubhing  tliem 
together,  115 


'pABADAY*S  Eneriment  onFloroe 
*■  in  Cloeed  Conductor  due  to 

Exterior  Eleotriflcation,  99 
Farad,  Definition  of  the,  807 
Fault,  Common,   in  Constructing 

Ebonite  Pfflsrs,  279 
Fibre  and  Pivot  Suspensions,  90 
Suspension  used  in  Thomson's 

Marine  GalTanometer,  60 
Field,  Uniform  Msgnetic,  86 
Finding  Angles  from  their  Tangents 

Tangents   from   their    Angles 

with  Squared  Paper;  57 

-—  the  Maximum  for  an  Expres- 
sion by  means  of  Curve.  941 

Fixed  E.  M.  F.  and  BesistaaoeL  Cuiw 
lent  Derdoping  Maximao 
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Useful  Power  with  Gene- 
rator with,  448 

Fixed  Bemstwice,  Amugement  of 
Cells  nving  Mnximum 
Useful  Power  to  Conduo- 
tor  with,  450 

Flat  Coil,  Direction  of  Magnetio 
Force  produced  bjr  Cur- 
rent  flowing  in,  43 

Fleming^s  Standard  Darnell's  Cell, 
412 

Flint  Qlass,  Besistanoe  of,  271 

Spedflo  IndactiTe  Capacity  of, 

310 

Flow,  Wiiat  is  meant  by  Direction 
of,  of  Electric  Cnrrent,  2 

of  Electric  Current  compared 

with  that  of  Water,  8,  80 

Focal  Length  of  Lens,  Definition  of, 
456 

F<Mroe,  AttractiTe,  between  Two 
Plane  Cunductors,  For- 
mula Connecting,  with 
Potential  Difference  and 
Distance  between  them,  87 

Definition  of  Lines  of,  43 

— -  Definition  of  Horizontal  Com- 
ponent of  Earth's  Mag- 
netic, nat»t  55 

— —  Direction  of  Magnetic,  pro- 
duced by  Cnrreut  flowing 
iaFbitCoil,43 

—  Electromotiye.     {8m  Electro- 

motive  Force.) 

— —  None  Inside  Closed  Hollow 
Conductor  duo  to  Exterior 
ElectriflcatioD,  9J 

Foster's,  Prof.  O.  C,  Simplification 
of  Sine  Oalvauometer,  61 

Frietional  Electrical  Machines,  352 

Electrical     Macbines,     Con- 

densers for  use  with,  313 
Fulfilment  of  Conditions  for  I'an- 
gent  Law  in  Tsngent  Gal- 
vanometer, 43 

G 

fiAljYA^flG  Cells,  209.    (ftcalso 
^    Cells.) 

Jalvanometer,  Definition  of,  21 
- —  Compared  with  Ghilvanoscope, 

tiotf,  21 

Constant  of,  278 

— —  Absolute,  57 

^— -  Astatic,  Advantage  of  Putting 

Mirror  Outaide  Coils,  281 

Astatic,  Definition  of,  282 

Antatic,  Thomson's,  2BS 

— —  Astatic,  Modified  Thomson's, 

284 
•—  Astatio,  Mather's,  299 


Oalvanometer,  Astatic,  Mudford's. 
105 

——Astatic,  Damping  of  Vibnu 
tions  of  Needle  of,  284,  300 

Ballistic,  292 

— —  Ballistic,  Siemens'  and  Halske'a 
Galvanometer  Used  as,  29J 

Dead.Beat.  78 

Delicate,  281 

Delicate,  Importance  of  being 

Well  Insulated,  286 

—  Delicate,  Necessity  for  Many 
Convolutions  of  Wire,  281 

DilTexential,  Principlti  of,  148 

Differential  Construction  of,  148 

Differential,LatimerCUrk'8,150 

•^—Differential,  Best  Resistance 
for,  436 

— —  Differential,  Inferiority  of,  to 
Wheatstone's  Bridire,  171 

Differentia],  Mode  of  Adjust- 
ing, 150 

-^— Diflbreiitial,  Use  of  Shunts 
with,  183 

Direct-Beading,  76 

Direct- Beading,  Adju^meut  to 

make,  75.  78,  385, 389 

Large  Current.  Advantage  of 

Low  Besistance  for,  136 

Large  Current,  Deurez's,  69 

— ^  Large  Cnrrent,  Electro-Mag- 
netic Control,  aOi 

— :-  Large  Current-Gravity  Control, 
V      891 

Large     Current,     Msgnifying 

Spring,  386 

Large  Current, Permanent  Mag- 
net Proportional,  75 

'—-  Large  Current,  Thomson's  Per- 
ujaneut  Magnet,  53 

——Large  Current,  Spring  Con- 
trol, 377 

Marine,  103 

Marine,  Fibre  Suspension  for, 

108 

Marine,  Shielding,  from  Mag- 
netic Disturbaiico,  103 

— —  Portable,  with  Approximnte 
Absolnte  Calibration,  69, 71 

Potential  Difference,  126 

Potential   Difference.  El*  ctxo- 

Moffnetio  Coutrol,  :I92 

— —  Potential  Difference,  Gravity 
Control,  391 

~-  Potential  Difference,  Masrnify- 
iu^  Spring,  886 

Potential  Difference.Permanent 

Magnet  Proportioual.  75 

^>—  Poteutml  Differeucti,  Spring 
Control.  382 

— —  Potential  Difference,  Long  Fine 
Wire  used  in.  1^ 
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RalTaaooictcr,  Pot«Btal  Differmop, 

wbcB  it  woMj  be  Em^ojed, 

127 
Pofcental  IMItecnoe,  Testing. 

407 
——Proportional,  71 
*—  Proportioaal,  with  Pemuuftent 

ma^oei  Control,  73 
'     Proport  onsl,    with      cniionii 

ControUioff  Field.  72 
Qnantity,      Mather's      Simple 

Form  of,  299      

Beflectw?,  Iu3,  281, 298,  299 

Kedecting,  Defleetaon  Proptr* 

tional  to  CorreDt  with.  106 

—  Eeflecting,  Kode  of  DaiivIieiiB 

with,  10> 
^~—  Reflecting.  Iiampe  for,  106 

Eeflectii.g,  Mirror  for.  105 

BeOecting.  Mather's  Form  of, 

299 
Rdl«>ctiiig,  Mndford'a  Form  of. 

2H4 

B«flectni8,  Spirit  Level  for,  285 

f  in**,  a2 

Sine.    Foeter^a    Simpliflmtion 

of,  61 

Shielded,  57.  73. 103,  390 

Tangent,  38 

Tangent,  Simple  Form  of,  27 

TasgentUdj  ustment  of  Coil  of. 

46 
Tangent,   Best    Deflection  to 

IJae  with.  41 

—  Tangent,   Conditions    that    a 

Galvanometer  may  be,  96 

^—  Tangent.  Conditions  of  Tan- 
gent Law  Fulfilled  in,  48 

Tangent,  0>ntrolled   Only  by 

£artb  's  Magnetism.  Vahies 
ill  Amperes  of  Deflections 
of.  55 

^—  Tangent,  Proportions  of  Chan- 
nel in  Bobbin  of,  when 
Tangent  Law  is  Most  Ao- 
cumtelj  Ful ailed,  51 

'^—  Tangent,  Scale  for,  38 

-^Tangent,  Sensibility  <^,  Alter- 
i"g»  hy  Removing  Needle 
from  ilane  of  CoU,  52 

—  Tangent,    Sensibility    of,    Al- 

t'-red  br  Varying  Number 
of  Windings  or  Diaaeter 
of  Bobbin,  48 

Calibrating.  Relatively  or  Abso- 
lutely, 22,  27,  395-4  ;0 

Calibrating,     by     Comparison 

with  Tangent  Galvano- 
meter, 68 

Calibrating,  by  Sine  Method.  64 

Calibrating,  by  Sine  Method  in 

Higher  Parts  of  Scale.  65 


GalvUMMseCsr.  Oafifaniiag,  by 
Method     with      ~ 
Cuiieut,  67 

by  _ 

and    Cell    of 
Constant  £.M.  P..  S38 

Califarating,  by  using  Known 

Reaistsnons  and  Constant 
Potential  Diff erenoe.  164 

Calibimtion  of,   Unaifected  hy 

Change    in     Strength    ai 
Poles  of  8iz»le  Needle.  23 

SensibilHj  of*   Incrsaaing,  hy 

Diminishing   Diameter  of 
Wire  need  m  Winding.  22 

Sensibility  of.  Modes  ot  Yary- 

ing.  29 

Sensifailily  of .Yariation  of,  with 

Length  of  Mire  Ueed   in 
Winding.  418 

SeoaihilityM. Variation  of,  with 

Reeistaaoe,  416 

B^naibiUty    of,     Shnntii«    to 

Diminish,  229 

Sensihility  of  Tangent.,  Varia- 
tion of,  48 

for  Wheatstone's  Bridge.  Best 

Arrangement  o^  aind  Bat- 
tery, 171,  467 

for  Wheatstone's  Bridge,  Best 

Gange  of  Wire  for,  172. 466 

for  Wheatstone's  Bridge,  Cur- 
rent thronirh,  4K5 

<— —  for  Wheatstone's  Bridge,  Mean- 
ing of  Deflection  oC,  176 

Apparent  Increase  of  Resist- 

anoe  of.  Due  to  Damping. 
319 

Best  Besistanoe  to  give  to,  485 

Coils,  Rate  of  Prodaciion  of 

Heat  in.  419 

Method  of  Measuring   Reai«t- 

anoe  by  Loss  of  Charge.  348 

— -  Shielding,  from  Ertraneons 
Magnetic  Disturbanoe.  57, 
737108.  3J0 

— —  in  fUmpIe  Circn«t,  Best 
ar  ^  for,  435 

and  Shunt.  C<nubined 

ance  of.  178 

Soft  Iron  Core  Used  in,  73 

Use  of  Mirror  witli,  to  Avoid 

Parallax,  28 

and  Voltameter.  Relative  Ad- 

vantakos  of,  20 

(Galvanometer.  (Set  also  Ammeter 
'Electro  -  Dynamometer 
Voltmeter.} 

Qalvanospope.  Deflmtion  of,  nol«.  21 

Description  of,  6 

Qas-Bumer,  Albo-Carbon,  for  Gal- 
vanometera,  nets,  106 
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Bc^eneratiTe*  for  Qnl- 
YanoRieters,  106 
Generated  in  Yoltameter  Inde- 

Stndentof  Shape,  Sise,  aud 
istanoe  of  Plates,  10 

Bate  of  Produotion  in  Sul- 
phuric Acid  Voltametar  by 
One  Ampere,  12 

GoBes,  Differtfnoe  of  Preflsure  Com- 
pared with  Difference  of 
Potential.  88, 121 

Specific  IndactiTe  Capacity  of, 

310 

Gearing',  Ammeters  and  Voltmeters 
with  Magnifying,  386 

Generation  of  Heat  by  Eleotrio  Cur- 
rent, 193 

Generator,  Current,  Definition  of 
Efficiency  of,  451 

Cnrreut,      Measurement      of 

£.  M.  F.  of,  23^.231,231,  Sil 

Current,  Measurement  of  Be- 

Bistonoe  of,  205,  225.  342 

Current,    Power    Wasted    in 

Heating,  445 

Current,  Work  done  by,  202 

Current,  with  Fixed  li.  M.  F. 

and  Besistance,  Current 
Developing  Mazimnm  Use* 
fnl  Power  with,  448 

Generators,  Current,  Forms  of.  206. 
(Sm  also  Cell,  Batteries.) 

Gemum  Silver,  Change  of  Besist- 
ance of,  with  Temperature, 
160 

—  Silver,  Besistance  of,  for  Given 
Length  and  Diameter,  and 
for  Giveo  Length  and 
Weight,  157 

— ~  Silver,  Besistance  of,  per  Cubic 
Centimetre  and  per  Cubic 
Inch. 154 

Silver,  Whv  Bes'stance  Coils 

are  mode  of,  160 

GiMss,  Flint,  Besistance  of,  271 

Glow  Discharge,  note,  369 

Gold,  Change  of  llesistauce  of,  with 
Temperature,  160 

•  Electric  and  Heat  Conductivi- 
ties of,  Compared,  150 

Besistance  jof,  for  Given  Length 

and  Diameter,  and  for 
Given  Length  and  Weight, 
157 
Besistance  or,  per  Cubic  Centi- 
metre and  per  Cubic  Inch, 
154 

Leaf  Electroscope,  94 

—  Leaf  Electroscope,  Calibrating, 

354 
-—Leaf  Electroscope,  Objections 
to  Ordinary,  96 


Gk>ld-Leaf  Electroscope,  Varnishing 
Shade  of  Oraiuary,  97 

Graduation  of  Ammeters,  Test  for 
Accuracy  of,  3tf5 

-—  of  Cunyngbame's  Ammeter  and 
Voltmeter,  385 

of  Voltmeters.  Testing  for  Ac- 
curacy of,  408.  (See  also 
Calibratinjr.) 

Graphically  Becording  Besults  of 
Ex|>eriment8,  30 

Becordmg  Besults,  Value  of,  S3 

Gravity  Control  Meters,  391 

Daniell's  CeU,  212 

Grove's  Cell.  218 

Cell,  Chemical  Action  in,  219 

Cull,  E.  M.  F.  of,  218 

Cell,  Besistanoe  of,  218 

Guard  King,  89 

Tube,  375 

Guttapercha,  Besistance  of,  271 

Specific  Inductive  Capacity  of, 

SIO 


TTEAT,  Amount  of.   per   Minute 

-^  Produced   by   Given  Cur- 

rent flowing  through  Given 
Besistance,  199 

'■—  Amount  of.  Produced  per 
Second  in  Coil  by  Constitnt 
Current.  Constancy  of,  197 

and    Electric    Coudnctivities» 

Comparison  of,  158 

Conductivity  Diminishes  more 

Bapidly  than  Electric,  159 

— —  Evolution  of,  in  Conductor,  by 
Electric  Current,  3 

Generated  by  Electric  Cur- 
rent, Amount  of,  192 

Measuring  Current  |»y  Bate  of 

Production  of.  197 

— —  Mechanical  Equivalent  of,  201 

Badiation,     Conduction,     and 

Convection  of,  note,  195 

Bate  of  Production  of,  in  Ghil- 

vanometer  Coils,  419 

Heating  Error  in  Voltmeters  Di- 
minished by  Use  of  Outside 
Besistance,  421 

Error,  None  in  Cai  dew's  Volt- 

m*iter.  426 

Error,  Testing  Voltmeters  for, 

415-422 

Current      Generator,      Power 

Wasted  in,  4(5 

Property  of  Current,  Practica] 

Uses  of.  4 

Hermetically  Sealing,  Definition  of 
note,  20 

High  Besistanoes,  Measuring,  277 
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Higher  Part*  of  Soale,  Cftlibntion 
of,  b/  Sine  Method.  85 

Potential,  Definition  of,  85 

Hoffknaun's  VoltMneter,  15 

Holts's  Influence    Electrical    Ma- 
chine, 867 

Hoopar'a  YnloaniMd   Indiarabber, 
BesictADoe  of,  271 

Horisontal  Component  of 
Magn«rtic  Force, 
Uon  of,  noUt  55 

Horae-Power.  201, 448 

Hydxogem,  Specific   Indactire 
pacitjr  of,  8I0 

Hypotannae,  Definition  of,  iiot«,  87 


Earth's 
Dafini- 


Ca^ 


TLLUMIFATIN'O  Power  of  Arc 

'''  Lf  mp  <,  Measoring,  454 

Power  o.   Arc  Lamps  in  anj 

Plui.c,  Meaanring,  457 

Power  of  Incandeacent  Lampa, 

Measuring,  458 

Image,  Connection  between  Motion 
olf  OD  PUne  Scale  and 
Angnhur  Defiection  of  Mir- 
ror, 107 

Incandeacent  Lamp,  Deacription  of, 
4&1 

—  Lamp,  Measuring  Effldencj  of, 

-~—  Lamp,  Measuring  TUnminating 
Power  of,  458 

-^Lamp,  EfSciency  and  Life  of,  458 

Indiaruboer,  Resistance  of  Hooper's 
Vulcanised.  )t71 

Specific  InductiTe  Capacity  of, 

810 

Indication  of  Direction  of  Current 
in  Magnifying  Spring  Am- 
meters and  Voltmeters,  389 

Induction,  Definition  of,  07 

and  Conduction  Compared,  97 

Self.  174,  487 

Inductive  Action,  87 

Action  between  Conductors  of 

DifiTerent  Potentials,  87 

Capacity.  Specific,  309 

Inefficiency  of  frictional  Electrical 
Machines,  358 

Inertia,  Definition  of  Monant  of, 
fi  ota,  78 

Infinity  Plug,  151 

Influenoo  Machine,  Adjusting  Balls 
of,  to  Produce  Giveu  Majd> 
mum  Potential  Diflierence, 
872 

■-— -  Machine,  Attaching  Leyden 
Jars  to  Colloctora  of,  370 

— —  Machine,  C^trnpound  Interest 
lAW  of ,  364^  81 


In 


Infloence  Machine,  Condanaen  for 
Urn  with,  318 

—  Machine,  Distance  Spark  can  ba 

sent  between  Baila  of,  STU 

Machine,  Work  done  by,  371 

Machine,  Bertach,  981 

Machine,   Accrumnlating,    361 ; 

Holtx'a,  807;  Nicholaon'a. 

886;  Thomaon'a.  364 ;  Var- 

Wa,     367;      voea,     367; 

Wimahurst,  867 
Parallel,   Wirea  Joined.  Deflni- 

tionof,IS6 
In  Seriea,  Wirea  Joined,  Definition 

of,  140 
Instmetiona  for  Experimesxta,  Sp^' 

oimena  of,  476 
lustxnmenta,  Commercial,  for  Mea- 

suiin?  Current,  79,  876 
InsnlatingStand,  Conatruetion  oU 

Sterna,  Coating,  with  Paraffin 

Wax  or  Shell-lao  Vamiah, 
867 

—  Varnish,  How  to   Make,  MfoU, 

268 
Insulation,    Importance   of   Good, 
and  Mode  of  obtaining,  in 
Delicate      QaJTanomeUKB, 


Insulator,  Definition  of,  0 
Insulatora,  Diminution  of 

anoe  of,  with  Increase  of 

Temperature.  iSTl 
Obtainable  for  Eleetricity,  not 

for  Beat,  158 

Table  of  Resistancea  of,  271 

Tele^ph,  274 

Teating,  during   Mannfsctnra, 

275 
lutematiooal  Electrical    CongrenL 

Unit  of  RealBtuui'e  Adopted 

by,  140.  141 
Interpolation  ot  Resulta  by  Means 

of  Curve,  84 
Invariable     Abaolute    Calibrataon, 

Qalvanometers  with,  57 
Iron  Box,  Partial  Magnetic  Screen, 

101 
Change  of  ReaiKtanoe  of,  with 

Temperature,  160 
—  Electric  and  Heat  CondnetiTl> 

tiea  of.  Compared,  150 
Resistanoe.  of  for  Qiven  Length 

and     Diameter,     and    for 

Given  Length  SAd  Weight. 

157 
Reaistanoe  of,  per  Cnbic  Centi- 
metre, and  per  Cnbio  Inoh, 

154 
-^Corea,  Use  of,  in  Galvanoi 

teca.78 
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iMMi  Magsetiflod  Ij  Electrlo  Cur- 
rent, 8 

Coils.  Id2 


JAB,  linden,  314.    (&•  also  Ijey- 

Used  for  DioiieU'fl  CeU,  210 

Joints,  Lap  and  Butt,  79 
Jonle,  I>emiitlon  of  the,  461 
Joule's  Mechanical  Equiralent  of 
Heat,  801 


T?^MPE'8  Constant  Total  Current 

-^^^  Shunts,  257 

Key,  Bridge,  174 

Charge  and  Discharge,  320 

Charge  and  Discharge,  Simple 

farm  of.  343 

-^—  Charge  and  Disohaige,  Various 
Modes  of  Connecting,  with 
Condenser,  Battery,  and 
GalTanometer:  320—322 

-^—  Make  and  Break,  Simple  Form 
of,  19 

PlasN  Description  of.  ISO 

Kxrehholrs  First  Law,  ^6^ 

Second  Law,  4S4 


T  JLI<Ain>E  Chaperon  Cell,  210 
Lamps,  Description  of  Arc  and 
Incandescent,     454.      {See 
also  Arc,  Incandescent.) 

Lamps  Used  with  Befleoting  Qalva- 
nometer,  105 

Lap  Joint,  79 

Large  Potential  Differences,  Pro- 
duction of,  351 

Latimer  Clark's  Cell,  410 

Clark's     Cell,     Constancy    of 

E.H.F.of,411 

Clark's  CelL  E.  M.  F.  of,  411 

— .  Clark's  Cell,  Temperature  Va- 
riation of  E.  M.  F.  of,  411 

— ^  Clark's  Differential  Ghilvanome- 
ter,150 

Law  connecting  Two  Seta  of  Facts 
Determined  by  means  of 
Curre,  35 

— ^of  Differential  Oalnmometer, 
140.183 

—  Experimental  Proof  of  Ohm's, 
180 

Kirchhor B  First,  464 

Kirchhoff's  Second,  464 

-- — Ohm*8,190 

— —  Tangent,  FnliUment  of  Condi- 


tions  for,  in  Tangent  Oal- 
▼anometer,  43 

Law,  Tangent,  When  True,  41 

Sine.  When  True,  61 

of  wheat8tone*8  Bridge,  167 

Laws  of  Surface  Leakage  and  Leak- 
age through  the  Mass,  270 

Lead,  Change  of  Resistance  of,  with 
Temperature,  160 

Electric   and  Heat  Conducti- 

yities  of.  Compared,  159 

— •  Besistance  of,  for  (JiTen  Length 
and  Diameter,  and  for 
Given  Length  and  Weight, 
167 

Besistance  of,  per  Cubic  Centi- 
metre, and  per  Cubic  Inch, 
154 

Leakage,  Dependence  of  Bate  of 
Loss  of  Charge  from,  on 
Dielectric  Only,  343 

Surface,  266 

Surface,  Law  of,  270 

through  the  Mass,  266 

throng  the  Matis,  Law  of,  270 

Leclanchtf  Cell,  220 

Cell,  Chemical  Action  of,  221 

Cell,  E.  M.  F.  of,  222 

Legal  Ohms  and  B.  A.  Units,  Equa- 
tion Connecting,  142 

Unit  of  Besistance,  140 

Length,  Variation  of  Besistance 
with,  143 

Lens,  Definition  of  Focal  Length 
of,  466 

Mode  of  Using,  with  Befleoting 

Galvanometer,  104, 105 

Levels,  Spirit,  for  Beflecting  Gal- 
▼anometer^  285 

Leyden  Jar,  Attachmg,  to  Collecting 
Combs  of  Electrical  Ma- 
chines, 370 

Jar,  Construction  of,  314 

Jars,  Battery  of,  317 

Life  of  Incandescent  Lamps,  458 

Ligbt,  Measuring  Efficiency  of  Elec- 
tric, 452 

Measuring  Illuminating  Power 

of  Electric,  452 

Lines  of  Force,  Deflnition  of,  43 

Liquid  and  Wire  Beaistances,  Com- 
parison of  Use  of,  194 

Decomposed  by  Electric  Cur- 
rent, 8 

Saturation  of,  note,  411 

Supersaturation  of,  noU,  411 

Liquids,  Difference  of  Level  in.  Com- 
pared with  Difference  of 
Potential,  86 

Local  Action  in  Cell,  217 

Action  in  Daniell's  Cell,  llow 

to  Preventk  217 
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Tiockwood  Cell.  818 

Logarithmio  Deorement,  296 

Decremeut,  Determlnatloii  of, 

when    Damping    is    Very 

81ifbt.897 
Lord  Bayleigb,  SUrer  Voltainefeer 

UMdby,  U 

M 

llf  ACHIVES,  ElMtrioil.  Adjust- 
'^"-  ing  Balls  to  Prodnoe  OiTon 

Potential  Diffeieace,  872 
Eleotrioal,  Attaohing   Lejden 

Jura  to  CoUectora  of.  370 

—  Electrical,  Ocmdensers  for  Use 

Willi,  818 

Electrical,  Frictional,  898 

•^—  Influence,  Bertseh's,  861 

—  Inflaence,  Aocnmnlatiuff,  861 ; 

Holts,  867 ;  NicholKon's, 
866;  Thomson's.  864;  Yar- 

Wimsliarst,  867 

^^luflnenoe,  Aocmnalating,  Con- 
densers for  Use  with,  818 

^^  Influence,  Accumulating,  Com- 
pound Interest  Iaw  of, 
864,866 

Influence,     Accumulating, 

Work  done  by,  871 

Magnet,  Connection  between  Poles 
of,  and  Direction  of  Cur- 
rent round,  17 

Definition     of    North-Seeking 

End  of,  not«,  16 

Deflected  by  Current,  8 

Electro.  (SMElectro<lCagnet.) 

^—  Motion  of,  Produced  hj  Uni- 
form Magnetic  Field,  880 

— —  Permanent,  Measurement  of 
Distribution  of  Magnetism 
in,  84 

— ^  Permanent,  Prcm<ntional  Gktl- 
Tanometor  Controlled  by, 
78 

Magnets,  Position  of  Poles  In,  28 

Magnetic  Axis  of  Needle,  Definition 
of,  87 

Disturbance,  Shielding  Galva- 

nometers  from  Extraneous, 
67,  78, 108,  880 

Effect  of  Bobbin,  Variation  of, 

with  Current  and  Besist- 
ance,  418 

— ^  Field,  Motion  of  Magnet  pro- 
duced by  Uniform,  880 

■^—  Force,  Definition  of  Horisontal 
Component  of  Earth's, 
note,  55 

•^  Force,  Direction  of.  produced 
hj  Current  in  Flat  Coil,  48 


MJeridian, 
Plane  of,  naU,  45 

Property  of  Curreot, 

Uses  of,  4 

Saturation,  888 

Screen,  Thick  Iron  Box,  101 

Magnetised,  Ironi,  by  Current,  S 

Magnetism,  Measurement  of  Dis- 
tribution of,  in  Permanent 
Msgaefc,84 

Besidnia,  Definition  of.  385 

Besidual,    Testing    Ammeters 

for,  400 

Magnifying  Gtesring,  Ammeters  and 
Voltmeters  with,  386 

— —  Spring  Ammeter  and  Vol^ 
meter,  886 

— —  Spring  Ammeter  and  Volt- 
meter, Adjustment  for  Sen- 
sibiUty  in,  888 

——Spring  Ajumeter  and  YolU 
meter,  Adyantages  of,  880 

— —  Earing  .Ajnmeter  and  Volt- 
meter, DiaadTaniageof,S91 

Spring  Ammeter  and  Volt- 
meter, Indication  of  Di> 
rection  of  Current  in,  88B 

'— —  Spring  Voltmeter,  Best  Law  of 
Variation  for  Qauge  ci. 
Wire  in,  4fil 

Making  Sine  Scale,  Mode  of,  68 

Tangent  Scale,  Mode  of,  38 

Mance's  Test  for  Besistanoe 
talning  E.  M.  £\,  470 

Marine  Galvanometer.  lOB 

Galvanometer,   Fibre 

sion  used  in,  60 

Galvanometer,  Shielding,  from 

Magnetic  Disturbanoe,  108 

Mass,  Law  of  Leaka«^  through,  870 

Leakage  through,  266 

Material  for  Outside  Hesistanoe  for 
Voltmeters.  428 

for  Wire  for  Voltmeter  Coilay 

420 

^—  used  in  Besiscance  Coils,  159 

Variation  of  Besistanoe  with, 

146 

Mather's  Mode  of  Calibrating  Gal- 
vanometer with  Constant 
Current,  67 

— —  Proportioiial  Galvanometer 
with  Uniform  Controlling 
Field,  72 

Beflecting  Galvauometer,  280 

Matthlessen's  Equution  Connecting 
Besistanoe  with  Tempera- 
ture, 158 

Experiments,   Tables  deduced 

from,  154, 157 

Finding,  by  moiiifl   of 
Cnrveb8M 
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MaxlutaB  Potential  DifferoDce  of 
£lectxical  Macbine,  Deter- 
minatioii  of,  372 

•—  Usefnl  Power,  Current  tbnt 
I>eTelop8,  448 

— —  Useful  Power  in  Generator 
with  Fixed  E.  M.  F.  and 
HesistaDoe,  Current  tliat 
DeTelops,  448 

Meaaaring  Arc  Light,  Efficiency  of, 
455 

——  Arc  Ijight,  lUaminating  Power 
of,  iu  anj  Plane.  457 

~— >  Arc  IJight,  Illuminating  Power 
of,  How  to  Overcome  Dif • 
ferenee  in  Colour  between 
it  and  Candle  when,  457 

-^  EfBcienoyof  Electric  Light,  452 

— —  Efficiency  of  Licandeaoent 
Light,  45B 

Current,  Altenmting,  196 

>— -  CtLrrent,  Commercial  Instru- 
ments for,  79,  376 

—^  Current  by  Bate  of  Production 
of  Heat,  197 

'—  Current  with  Siemesis'  Dyna- 
mometer, 379 

— ~-  Small  Currents,  Disadvantaire 
uf  using  Voltameters  for ,20 

• Strength  of  Current,  4 

Distribution  of   Magnetism  in 

Permanent  Magnet,  24 

Electric  Density  by  means  of 

Proof  Plane,  117 

— —  Electn>motive  Force  of  Cur- 
rent Qenerators,  224,  2?1, 
284,841.  (Sm  also  Electto- 
motive  Force.) 

— —  Potential  Difference  by  Weigh- 
intr,  88 

— '  Potential  Differences,  Alter- 
nating, 426 

-—  Potential  Differences,  Static 
and  Current  Methods  of. 
Compared,  125 

-■^—  Power  442 

Besistance  of  Batteries,  205, 225 

Besistance  of  Batteries  using 

Known  Besistances,  226 

^»-  Besistance  of  Batteries  using 
Known  Besistances  aud 
Sbunt,  226 

— -  Itesistance   of  Current  Gener- 
ator,  Condenser    Method 
of.  842 
•— -  Besistance  by  Bate  of  Loss  of 

Charge,  844 
— ^  Besistance  by  Bate  of  Loss  of 
Charge,        Galvanometric 
Method  of,  848 
«— —  Besistance  Containing  B.M.F., 
460 


Measuring  Besistance  durincr  "Pa 
sage  of  Strong  Current,  187 

High  Resistances,  277 

Specific     Inductive    Capacity, 

Qoantity   of    Electricity,    111, 

280.299 

Measurement  A.b8oIute,  of  Capa- 
city, 827 

—  <rf    Po.e..uai    Compared   with 

Measurement  of  Tempera- 

ture.  85 
Mechanical  Equivalent  of  Heat,  201 
Meidinger  Cell,  212 
Mercury,  Change  of  Besistance  of, 

with  Temperature,  160 
Besistance  of,  for  GiTcn  Lenffth 

and    Diamet-^r,     and    for 

Given  Length  and  Weight, 

157 

—  Besistance  of,  per  Cubic  Centi- 

metre, and  per  Cubic  Inch, 
154 

Meridian,  Definition  of  Plane  of 
Magnetic,  note,  45 

Metal  having  Least  Change  of  Be- 
sistance with  Tempera- 
ture, 160 

Metals,  Change  of  Besistance  of, 
with  Temperature,  160 

Electric  and  Heat  Conducti- 
vities of.  Compared,  159 

—•^  Besistance  of,  for  Given  Length 
and  Diameter,  or  for  Given 
Length  and  Weight,  156 

— —  Besistance  of,  per  Cubic  Centi- 
metre, and  per  Cubic  Inch, 
153 

Metallic  Case,  Necessary  Enclosure 
of  Electric  Apparatus  in. 
108 

Meters,  Electro-Magnetic  Control, 
392 

-^Electro-Magnetic  Control, 
Crompton  and  Kapp's,  392 

-«»  Electro-Magnetic  Control,  Pa- 
terson  uud  Cooper's,  893 

— .  Electro-Magnetic  Control,  Ad- 
vantages of,  394 

-^  Electro  -  Mafrnetic  Control, 
Disadvantages  of,  894 

Gravity  Control.  891 

— —  Spring  Control,  377 

Spring  Control,  Cunynghame's, 

882 ;  Magnifying,  886 ; 
Siemens',  377 

Meters.  {Sm  also  Ammeter.  Dyna- 
mometer, Ghklvanometer, 
Photometer.  VoltmeteTi 
Wattmeter.) 

Metre  Bridge,  168 

Mica,  Betdstance  of,  271 
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Miom 


CapaoitT 


Spedflc  IndnetiTe 
of,  810 

ICiciometer  Sciew,  DeMsriptlon  of, 
not*.  24 

Bfinotto's  Cell,  8U 

Xixror,  Angular  Mation  of.  Half 
that  of  Befleoted  Saj-,  103 

— —  Consection  between  Angnlar 
Deflection  of,  and  Motion 
or  Image  on  a  Plane  Soale, 
107 

—-in  OalTaaometer,  Use  of,  to 
Avoid  Parallax,  88 

forB«flecting(}alyanometer,I05 

Moment  of  Couple,  Definition  of, 
not«,  883 

of  Inertia^  Definition  of,  nota,  78 

Motion,  Angolar,  of  Befleoted  Bay, 
106 

-^  of  Image  on  Plane  Scale,  Con- 
nection  between,  and  Angu- 
lar Deflection  of  Mirror,  107 

of  Magnet  produced  by  Uni- 
form Magnetic  Field,  890 

Multiples  of  Obm,  Gonatruotion  of, 
145 

Multiplying  Power  of  Shunt,  178 

Power    of     Shunt     used    in 

Meaauring  a  Discharge,  810 


N 


De- 


^APIERIAN     Logarithmic 

-^^  erement,  896 

NegatlTe  Chaigs)>f  Ebonite  Eleetro- 
phonu  Armnged  to  Give, 
859 

^—  Electrioii7,  85 

Network,  Currents  in,  468 

Kicholson's  BeTolring  DouUer,  866 

Nickel,  Besistance  of,  per  Cubic 
Centimetre,  and  per  Cubic 
Inch,  154 

North-seeking  end  of  Magnet,  Defi- 
nition of,  not«,  16 

Nought,  Potential  of  Earth  Arbi- 
trarily taken  as,  84 

Null  Methods,  Meaning  of,  886 

O 

r)HM,  89, 140.  141 

^^    Construction  of  Multiples 

of,  14ft 

Definition  of  Jjeffl,  140 

<—  Only  Electrical  Unit  yet  Legal- 

ised,140 
Ohmmeter,  Description  of,  190 
Ohms,  Legal,  and  B.  A.  Units,  Equa> 

tions  connecting,  148 
Wires    having   BefiisUmce   of 

about  Ten,  143 


Ohm's  Law,  180 

Law,  Experimental  Proof  oC,  190 

defiant    Gas,    Specific     Indnctivo 
Gapacil7  of.  310 


pABAFFIN  WAX.   Coating   In- 

-^  snlating  Stems  with,  867 

Wsz,  How  to  PreVent  OTer^ 

heating  when  Melting,  not*, 
207 

Wax,  Besistance  of,  271 

-—  Wax,  Specific  IndnotiTe  O^ta- 
city  of,  810 

Parallax.  Definition  otnatB,  88 

Mirror  Used  in  Galvanometer 

to  AToid,  88 

Panllel.  Cells  in.  Figure  oi,  889 

Cells    in.    Symbolical    Bepre- 

sentation  of,  840 

Circuit,  Wires  Joined  in,  136 

Circuit,  Independence  of.  Cuxw 

rents  in,  860 

E.M.F.  ofCeU8in,841 

Besistance,  179 

Patenon  and  Cooper's  Electro-Mag- 
netic Control  Meters,  8ftS 

P.  D,  Meaning  of,  280 

Periodic  Time  of  Vibration,  Defini- 
tion of,  891 

Permanent  Magnet,  Proportional 
Galvanometen  Controlled 
by,  78 

Magnet,  Measurement  of  Dis- 
tribution d  Magnetism  in, 
84 

Magnet  Meters,  69 

Magnet    Meters,    Advantages 

of,  78 

Magnet  Meters,  Direct-Bead- 
ing. 76 

—  Magnet  Metors,  DisadTsatage 
of,  876 

-^Magnet  Meters,  Proportional, 
71 

Photometer,  Dispersion,  454 

Bumford's,  4SS 

PiYOt  and  Fibre  Suspensions,  60 

Plane  of  Magnetic  meridian.  Defini- 
tion of,  HOIS,  45 

Proof,  116 

Platinoid,  160 

Besistance  of,  161 

Besistance,  Coils  of.  161 

Platinum,  Electric  and  Heat  Con- 
ductivities of.  Compared, 
159 

Besistance  of,  for  Given  Length 

and  Diameter,  and  for 
Given  Length  and  Welgbtk 
127 
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Centimetre*  and  per  Cubic 
Inch.  IM 

BilTer  Allor,  Change  of  Besist- 

anoe  of,  with  Temperatoie, 
100 
— ^  SilTer  AUoy,  Besiatanoe  of  .for 
Given  Length  and  Dia- 
meter, ana  for  Given 
Lengrth  and  Weight,  157 

— —  Silver  AUoy,  Beaiatanoe  of  per 
Cubic  Centimetre,  and  per 
Cubic  Inch,  154 

Phiir>Jnflnit7, 151 
—  K^,  DeMrnption  of,  138 

Beaistanoe  Sozea,  Conatruction 

of.  151 

Ponrendorff's  Method  of  Compar- 
iug  E.  M.  Fa..  231 

Method,  Uae  of,  for  Calibrating 

Voltmeters,  413 

Polariration  of  Daniell'a  Cell,  216 

of  Latimer  Clark's  Cell,  4U 

Polea  of  Magnet,  Connection  be- 
tween, and  Direction  of 
Current  round  Magnet, 
17 

of  Magnetfl,  Poaitions  of,  23 

Portable  Electrometer,  83 

Ghalvanometer  with  Approxi- 
mate Absolute  Calibration, 
68 

PooitiTe  Electricity,  85 

Potential,  85 

Potaah  Bichromate  Cell  222 

Bichromate  Cell,  Ciiemical  Ac- 
tion in,  223 

Bichromate  Cell,  Compoaition 

of  Liquid  for,  222 

Bichromate  Cell,  E.  M.  F.  of, 

223 

Bichromate  Cell,  Form  of  Zinc 

for,  223 

Potential  of  Conductor  Compared 
with  Pressure  of  Gas,  121 

-—of  Conductor,  Ways  in  which 
it  can  be  Varied,  121 

— ^  of  Conductor  Depends  partly 
on  Amount  of  Electeicity 
on  it,  110 

——of  Conductor   Depends  partly 

on  its  Position,  119 
-~-of  Conductor  Depends  partly 

on  its  Shape,  119 
— —  Density,  and  ^Q&ntity,  Exam- 
ples showing  Differenoe  be- 
tween, 121 
->—  Difference,  80 
••—Difference,  Adjusting  Balla  of 
Electrical  Machine  to  Pro- 
duce   Given     Maximum, 


Potential  DiflSarence,  Alternating, 
Increases  Practical  Besiat- 
ance  of  Voltmeters,  427 

Differenoe,  AltematingfMeaaur- 

ing.426 

Difference  between  Two  Con- 

dnotora  does  not  Measure 
Differenoe  in  their  Electric 
Charges,  85 

—  Difference  between  Two  Points 

in  Uniform  Conductor  Con- 
veying Current  Propor- 
tioDalto  Distance  between 
Pointa,  83, 143 

<-^- DiOereaoe,  Charges  on  Two 
Conductors  Vaiy  as,  for 
Constant  Belative  Posi- 
tions, 103 

Differenoe  Compared  with  Dif- 
ferenoe of  Level  in  Liquida, 
86 

Difference  Compared  with  Dif- 
ference c€  Pressure  in 
Gases,  86 

-~-  Difference  Compared  with  Dif- 
ferenoe of^  Pressure  of 
Water  Flowing  in  Pipe, 
80,81 

Difference,  Contact,  351 

— —  Difference,  Distance  and  At- 
traction between  Two  Par- 
.    allel  Plane  Conductors,  87 

Diffei  enoe  Ghilvanometer,  Ab- 

nolutely  Calibrated,  127, 
406-483 

——Difference  Galvanometers, 
Long  Fine  Wire  Used  in, 
127 

—  Difference  Galvanometer,  when 

it  may  be  Emploved,  127 

—  Differenoe,    Increasing    a,    in 

known  Batio,  854 

Difference,  Large,  Arrangement 

of  Cardew's  Voltmeter  for 
Measuring,  425 

—  Difference,  Large,  Production 

of,  351 
Differenoe,Mea8uring  by  Weigh- 
ing, 88 

—  Differenoe     Method  of   Com- 

paring Beeistances,  140 

Difference.  Uatio  of,  to  Current 

Constant  for  Given  Con- 
ductor, ISO 

—  Diff-renoe,  Batio  of,  to  Current 

is  Beaiatance,  139 

Differenoe  Bequired  to  Main- 
tain Electric  Arc  between 
Two  Carbons,  noU^  871 

-^  Difference  Bequired  to  Pro- 
duce Spark  between  Point 
and  Plate,  371 
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Poioitial  I>Ufat«iioe  Beqnind  to 
Produoe  Spark  between 
Two  MetRllio  Balls,  S70 

— ~  DUBerence,  Statio  and  Cuient 
Kethod  of  Meaaoring, 
Compared,  125 

——  Dlfferenoe,  Snb-diTidinjr  into 
Known  Fimctiona,  2^ 

—  Difference,  Variation  of,  at  Bat- 

tery Terminals,  with  Varia- 
tion of  Cnrrent,  804 

—  Difference.  Variation  of,  with 

Besistanoe  of  Gireu  Volt- 
meter to  Prodaoe  Oiren 
Deflection,  il9 

— —  Higher,  and  Lower,  Poeitire, 
ana  NegmtiT^  Definition 
of,  85 

— —  Increasing  Sensibility  of 
Weight  Electrometer  by 
Using  Auxiliary  High,  91 

^—  Inside  Closed  Condootor,  96 

^—  Measurement  of,  Compared 
with  Measnrementof  Tem- 
perature, 85 

^— '  of  ifarth  Arbitrarily  taken  as 
Nought,  84 

Uniform  on  Conductor.  88 

Uniform  in  Conductor,  98 

Power,  Arrsngement  of  Cells  Qir- 
ing  Maximum  Useful,  to 
Conductor  of  Fixed  Beaist- 
anoe,  450 

— ~  Cazrent  DcTeloping  Maximum 
Useful,  with  Generator  of 
Fixed  E.  M.  F.  and  Besist- 
anoe,  448 

Deflr>ti<>n  of,  441 

-— —  Distribntioo  of,  in  Circuit.  445 

— —  £.  M.  F.  used  by  Deprez  hi 
Transmitting,  87  Miles, 
452 

Horse.  201,  443 

—  Measurement  of,  442 
Ui.it  of,  442 

-»-  Utilised  in  arcuit  Outside  Ge- 
nerator, 445 

•— —  Wasted  in  Heating  Generator, 
446 

Prepaxat'on  of  Varley's  Carbonised 
Cloth,  897 

Pressure,  Difference  of,  in  Gases, 
Compared  with  Difference 
of  Potential,  88 

—  of  Gas  Compared  with  Poten- 

tial of  Conductor,  121 
— —  of  Water,  Difference  of.  in  Pipe 

Compared  with  Difference 

of  Potentials,  81 
Proof  of  Ohm's  Law,  Experimental, 

180 
Proof-plane,  lU 


Proof-plane, 

Denaity  by  means  of,  117 
Properties  of  Electric  Cnm«nt,  3 
-~—  of  Electric  Current,  Frscticsl 

Uses  of,  4 
Proportional  Coils  of  Wheatstone's 

Bridge,  172 

Galvanometer,  71,  7S,  106,  389 

Proportions  of  Channel  in  Bobbin 

of  'nmgent  GalTanometer. 

when  rnngent  Law  is  Most 

Accurately  Fulfllled.  51 


QUA  DBANT  Electrometer,  Thom- 
son's, 03 
Electrometer,  Edelmann's  Mo- 
dification   of    Thomson'Sa 

lao 

Electrometer,  Edelmann's  Mo- 
dification of  Tnomson'a, 
Defects  in,  134 

Electrometer,  Edelmsnn's  Mo- 
dification of.  Dry  Pile  for, 
133,872 

Electrometer,  Edelmann's  Mo- 
dification of.  Needle  for, 
132 

Electrometer.  Formula  for,  134 

Quantities  of  Electricity,  ComiAri- 
son  of.  111,  £99 

Quantity  of  Electricity,  Definition 
of,  109.    (Sm  also  Charge. ) 

of  Electricity,  Unit  of,  2^9 

of    Electricity    Produced    by 

Rubbing  Two  Bodies  To- 
gether, 118 

Potential,  Density,    Examples 

showing  Difference  b«»- 
tween.  121 

Unit  of,  289 

R 

PADIATION  of  Heat,  ExplanatfoM 

^  of,  fiots,  195 

Bate  of  Loes  of  Charge.  Measuring 
Resistance  by,  84ft 

of  Production  of  Heat  in  Gal- 
Tanometer CoiLl  ^ 

of  Production  of  Heat,   Mo»> 

suring  Current  by,  197 

Ratio  of  Potential  Difference  to 
Current  Constant  with 
Given  Conductor,  130 

of  Potential  Difference  to  Cuxw 

rent  is  the  Resistance,  190 

—  of  Sensibilities  of  Commuta- 
tor Ammeter  in  ParalliC 
and  in  Series.  4S1 
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Batlo  off  Senilbilitiea  of  Yoltmeter  in 
Parallel  and  in  Series,  433 

Rajrlel^h,  I.ord»  Silver  Voltameter 
Used  by,  U.  305 

•—  Lord,  Temperatoro  Ynnation 
of  £.  M.  F.  of  Clark's  Cell 
Determined  by,  411 

BAOordinsr  Results  of  Experiments 
Graphically,  90 

— —  S«eult8  of  Experiments  Gra- 
phiciilly.  Value  of  Curves 
for,  33 

Befleeted  Bay,  Angular  Motion  of,106 

Reflecting  (ialvanometer.  108,  281, 
k93,  209.  {Set  also  Galva- 
nometer, Reflecting.) 

— .  Galvanometer,  Different  Ways 
of  Forming  Image  with,  105 

Galvanometer,    Lamp    Used 

with.  106 

Galvanometer,  Modes  of  Using 

Lens  with,  105 

— —  Galvanometer,  Spirit  Level 
for,  285 

Relative  Calibration  of  Galvano- 
meter, Meaning  of,  22 

Relatively  Calibrating  Galvanome- 
ters, 27 

Replenisber,  Thomson's,  364 

Repreaeutation  of  Batteries,  Sym- 
boUcal,  173,  240 

Reaidnal  Magnetism,  Definition  of 
note,  388 

— -  Magnetism,  Testing  Ammeters 
for,  400 

Resin,  Sped  Ac  Inductive  Capacity 
of,  310 

Besiflitance,  9, 129 

——  Amount  of  Heat  produced  per 
Minute  by  Given  Current 
flowing  through  Given.  190 

»—  and  Current.  Variation  of  Mag- 
netic Effect  of  Bobbin 
with,  418 

^"-^  Apparent  Increase  of,  in  Gal- 
vanometer, Due  to  Damp- 
ing 340 

of  Battery,  Measoring,  205, 225, 

342 

Best,  for  Differential  Ghilvano- 

meter,  436 

^—  Best,  for  Galvanometer  in  Sim- 
ple Cirouit,  485 

——Best,  for  Gktlvauometer  of 
Wheatstone's  Bridge,  172, 
466 

——  Best,  for  Coils  of  Wheatstone's 
Bridge,  171 

—  Best,  to  Give  to  Galvanometer, 

435 
-^—  Box,  Description  of,  28 

—  Box,  Constmotion  <x  Plug,  151 


1 


I 


Box,  Constmctioii  of 
Sliding,  186 

Box  used  in  Duplex  Telegraphy, 

187 

Resistances,  Calibrating  Galvano- 
meter by  Using  Known,  and 
Constant  Potential  Differ- 
ence, 164 

Oalibrating    Galvanometer  by 

Using  Known,  and  Cell  <n 
Constant  E.  M.  F.,  238 

— —  Change  of,  with  Temperature, 
Results  of  Matthiessen's 
Experiments  on,  160 

-—~  Comparing,  136 

Comparing,  Differential  Galva- 
nometer Method  of,  148 

Comparing,  Potential  Differ- 
ence Method  of,  140 

—  Comparing,   Simple    Substitu- 

tion Method  of,  138  ' 
Oomparing,     AVheatstone's 

Bridge  Method  of,  166 
Oomparing  Use  of  Liquid  and 

Wire,  194 
Resistance     Containing     £.  M.  F., 

Measuring,  460 

Coils,  28, 145,  151,  153, 159,  163 

Coils,  Accurate  Standard,  162 

— -  Coils,  Construction  of,  145 

—  Coils  Heating  with  Strong  Ctur- 

rent.  192 

Coils,  German  Silver,  160 

Coils,  Iron,  162 

Coils,  Platinoid,  161 

Coils,  PlatiuumSilver  Alloy  ,160 

Coils,  Materials  used  in,  159 

Coils,  Modes  of  Winding,  163 

Colls,  Temperature  Varuttion 

of,  153 

Increase  of,  by  Self-induction. 

4SS7 

of  Current  Generator,  Conden- 
ser Method  ol  Measuring, 
342 

of  Danieirs  Cell,  211 

of  Grove's  Cell,  218 

of  Insulators.  Diminution  of^ 

with  Increase  of  Temperik 
ture,  271 

—  of  Insulators,  ll<<asuring,  275 

of  InMuIators,  Table  of,  S71 

^— of  Insulator  to  Sparking,  811, 

370,  noU,  358 

Law  of  Variation  of,  with  Tem- 
perature, 152 

Measuring,  by  Rate  of  Loss  of 

Charge,  8i4,  348 

Measuring,  Containing  E.M.F.. 

469 

Maasiuring,  during  Pasasfe  of 

Strong  Current,  187 
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Beeistaaoe,  Measaring  Higrh,  277 

If etal  haTing  Least  Ciiaace  of, 

with  Tempentuxe,  160 

Paranel,  179 

of   Ottlranometer  and    Shunt 

Combined,.  178 

— —  of  Metalt  for  Giren  Length  and 
Diameter,  or  for  Given 
Length  and  Weight.  Ifi6 

^^  of  Metala  per  Cubic  Centimetre, 
and  per  Cubic  Inch,  158 

of  Platinoid,  161 

per  Cubic  Centimetre,  and  per 

Cubic  Inch  Compared,  34B 

•^—  Proportional  to  Batio  of  Poten- 
tial Difference  to  Current, 
130 

ihould  be  High  in  Potential 

Difference  GalTonometera, 
137 

— —  should  be  Low  in  Current  Gal- 
vanometers, 136 

Unit  of,  British  Association,  141 

Unit  of.  Legal,  140 

Unit  of.  Siemens',  142 

— -  Variation  of,  with  Length,  143 

Variation  of.  with  Material,  146 

—  Variation    of.    with  Sectional 

Area,  146 

—  Variation  of.  with  Temperature, 

147, 152 

Variation  of  Sensibili^  of  Gal- 
vanometer with,  416 

Variation     of    Sensibility    of 

Voltmeter  with,  407, 418 

Voltmeters  with  Outside,  421 

Besults  of  Experiments  Corrected 
bj  Drawing  Corves,  34 

of    Experiments.    Graphioallj 

Recording,  30 

•^— o(  Experiments.  Value  of 
Curves  in  Graphical]/  Be* 
cording,  38 

Interpolation  of,  from  Curve,  84 

Retardation,  Definition  of,  831 

Reversing  Current  without  Alter- 
ing its  Value,  47 

Revolving  Doubler,  Ivicholson's,  366 

Ring,  Guard,  89 

Ross  CeU,  210 

Rotatoiy  Eleotropboms,  861 

Rough  Experiments,  Candles  to  use 
in  the  place  of  Standard 
Candles  for,  452 

Rubbing  Two  Bodies  together. 
Quantity  of  Electricity 
Produced  by,  118 

—  Two  Bodies  together  to  Pro- 
duce Electrification,  Ob> 
ject  of,  115 

<— —  ^i^o  Bodies  together,  Equality 
of  Charges  Obtained  bj,  115 


Bumford's  Photometer,  40 
Bymer  Jones'  Constant  Total  Ca» 
rent  Shunts,  2S9 


8 


Scale, 


CATUBATION, 

^    of  Liquid,  Definition  of.  4U 

Safety  Axrangement  with  Com- 
mutator Ammeter.  4Si 
Connection  between  Motion 
of  Image  on  Plane,  and 
Angnlar  Deflection  of  Mir- 
ror, 107 

for  Tangent  Qalvanomefeer,  38 

Mode  of  Making  Tangeot,  30 

Scales,  Accuracy  of  Reecungs  with 
Degree  and  Tangent  Com- 
pared, 40 

Screen.  Msgnetio,  Thick  Iron  Bo^ 
101 

Screw,  Micrometer,  Deseiiption  of, 
tioe«,24 

Sealing  HermeticaUy,  Definition  of, 
note,  90 

—  up  One  End  of  Cable  when 
under  Test,  268 

Secondary  Batteries,  Small  Internal 
Beoistance  of,  206,  261 

•^ — Batteries.  Use  of,  in  Eleetrio 
Lighting.  261 

Sectional  Am,  Variation  of  Besist- 
anoe  with,  146 

Self-Indnetion,  174, 427 

Induction,  Small,  in  Caidow's 

Voltmeter,  427 

Sensibilities  of  C<nnmutator  Am- 
meter, Batio  of,  in  Parallel 
and  in  Series,  431 

—^  of  Commutator  Voltmeter. 
Batio  of,  in  Parallel  and 
hi  Series,  488 

SensibHitv,  Adjustment  for,  in 
jiagnifyinff  Spring  Am- 
meters and  Voltmeters,  389 

— ^  of  Galvanometer,  Variation  of, 
21,48,229 

—^  of  Ghilvanometer,  Variation  of. 
with  Length  of  Wire  used 
in  Winding,  418 

—^  of  Galvanometer,  Variation  of, 
with  Besiataince,  416 
Tangent  Galvanometer  Al- 
tered 1^  Bemoving  Needle 
from  Plane  of  CoH,  52 
Tangent  Galvanometer  Al- 
tered by  Vsryin^  Number 
of  Windings  or  Diameter 
of  BobUn,  48 
Voltmeters,  Variation    of, 

with  Change  of  BesistanoOa 
407,418 


of 


of 
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Bemslbility  of  Wheatstone's  Bridge, 
Condittons  affeotmg,171,406 

of  'Wheatatone'B  Bridge,  Mode 

of  Inoreuing,  168 

— ^of  Weight  Eleotrometer,  In- 
creaedng,  br  Using  Aaxilip 
ai7  High  Poteutial,  91 

— — >  Shrmting  Qalranometer  to 
Dimioiah,  2S9 

"—  Testing  Amxneten  for  Ferxna- 
sent  Alteration  of,  407 

Two  Degrees  of,  in  Commatator 

A'limeter   and  Voltmeter, 
427 

Series,  E.  M.  F.  of  Cells  in,  S41 

G«lls  in,  Fi«nue  of,  239 

Cella  in.  Symbolical  Repre- 
sentation of,  240 

Wires  Joined  in,  140 

Several  "Onirente  Meeting  at  a 
Point,  Law  Connecting,  464 

Shell-lac,  Beetstance  of,  271 

^lac  Specific   Inductire   Capa> 

ci&  of,  810 

-lac    vamisb.   Coating    Insn- 

lating  Stems  with,  267 

— >  -lao  Vamiah,  Preparation  of, 
nottf,  238 

Shielded,  Dead-Beat,  Direct-Read- 
ing  Qalvonomet^rs,  Advan- 
tages of,  78 

Shielding  Galvanometers  from  £z- 
traiieona  Magnetic  Btstarb* 
anoe.  87,  73,  108,  380 

Short-Cirenited,  Defluition  of,  217 

Shunts,  80, 177,  183,  253 

Shant  Box,  Construction  of,  181 

Shunts,  Constant  Total  Current.  257 

Shunt  and  QalvanometerjCombuied 
Resistance  of,  178 

• Increase  of  Total  Current  pro- 
duced by  Use  of,  188,  253 

— ->  Measuring  Besistanoee  of  Bat- 
teries by  means  of,  226 

Multiplying  Power  of,  178 

—  Multiplying    Power  of,  when 
Used  in  Measuring    Dis- 
charge, 948 
Shunts,  Use   of,  with  Differential 

Galvanometer,  183 
Shunt,  Use  of,  with  Wheat8tone*s 

Bridge,  176 
Shunting  Battery  only  while  Charg. 
ing    Condenser,    Arrange- 
ment for,  843 
^—  Galvanometer  to  make  it  Less 

Sensitive.  229 
Siemens'  Electro-Dynamometer,  877 
-—  Electro-Dynamometer,  Advan- 
tages of,  380 
—— Electro-DynamometeTy  DisadU 
Tsntages  of ,  381 


Eleotro  •  Dynamometer, 
Measuring  Current  with, 
379 

Electro-Drnamometer  as  Stan- 
dard Instrument,  382 

Siemens'  Unit  of  Resistance,  148 

Silver,  Change  of  Resistance  of, 
with  Temperature,  160 

——  Electric  and  Heat  Conductivi 
ties  of.  Compared,  158 

^—  Resistance  of,  for  Given  Length 
and  Diameter,  and  for 
Given  Length  and  Weight, 
157 

Resistance  of,  per  Cubic  Centi- 
metre, and  per  Cubic  Inch, 
154 

Chloride  Battery  of  De  la  Rue 

and  Hugo  MCUler,  314 

Voltameter,     Description     of, 

noUf  11,  895 

Voltameter,     Precautions     in 

Using,  not«,  11 

-—  Voltameter,  Use  in  Calibrating 
Ammeters,  395—400 

Voltameter    Used     by    Lord 

Rayleigb,  U,  895 

Voltameter,  Weight  of  Silver 

Deposited  on  Plate  of,  per 
Second,  by  One  Ampere,  11 

Similarly  Charged  Bodies ;  Keason 
they  Fly  from  One  An- 
other,  340 

Simple  Substitution  Method  of 
Comparing  Resistances,  138 

Voltaic  Element,  209 

Sine,  Definition  of,  nets,  88 

Galvanometer,  62 

— —  Galvanometer,  Foster's  SimpU- 
flcatiou  of,  61 

——  Law,  Conditions  under  which  it 
is  True,  61 

Law,   How  Conditions  of,  are 

Fulfilled  in  Sine  Galvano- 
meter, 62 

Method,  Calibrating  Galvano- 
meter by,  64 

— -  Metbodof  Calibrating  Galvano- 
meter with  Constant  Cur- 
rent, 67 

Method  of  Calibrating  Higher 

Parts  of  Scale,  65 

3cale,  Method  of  Making,  68 

S7i'iibg  Resistance  Boxes,  186 

t?:iuill  Current,  Disadvantage  of 
using  Voltameter  to  Mesr 
sure,  20 

Soft  Iron  Cores  used  in  Galvano^ 
meters,  73 

Solenoid,  Definition  of,  not«,  387 

Sparking,  Resistance  to,  of  Insib 
ktors,  SU,  nets,  858 
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SpMks  between  BeUs  of  Eleetrioal 
M aebinee.  Length  of,  870 

Electric.  858 

Potential  Differaioe  Boqtdred 

to  Produce,  between  Point 
end  Plate.  371 

Potential  Differonoe  Beqnxred 

to  Prodace,  between  Two 
Hetallio  Balls,  870 

Sphere,  Capacity  of,  in  Space,  330 

Spherical  Condenser,  Capacity  of, 
838 

Spirit  Levels  for  Befleoting  Galvano- 
meters, 285 

Sprciflo  Inductive  Capacity*  Defini- 
tion of,  809 

Indnctive  Capacity   of   Solids 

and  Liquids.  310 

IndactiTe  Capacity,  Meaanrix^r, 

33i 

Specimens  of  Instructions  for  Ex- 
periments, 476 

Sprincr  Control  Meters,  877 

Control  Meters,  Ounyng- 

bame*s.  388 

^^  Control  Meters,  Magnifying, 
886.  (Sm  also  Magnifying 
Spring  Ammeter  and  volt- 
meter.) 

Control  Meters,  Siemens',  377 

Squared  Paper,  Drawing  Curves  on, 
81 

^—  Paper,  Meaning  of  Inaocara- 
eies  in  Carves  Drawn  on, 
83. 

^P^  Selection    of  Suitable 

Units  on,  81 

Paper,  Use  of,  30 

— •  Paper,  Using,  to  Find  Angles 
from  th&  Tangents,  56 

Paper,  Using,  to  Find  Tangents 

m>m  their  Angles,  57 

Standard  Air  Condenser,  334 

Candle,  Description  of,  458 

Cells,  410 

Daniell's  Cell,  411 

Daniell's  Cell.  E.  M.  F.  of,  412 

DanieU's  Cell,  Fleming's,  412 

Voltmeter,  422 

Static  and  Current  Methods  of 
Meanurinff  Potential  Dif- 
ferena<>s  Compared,  125 

— ■  Electric  Apparatus,  Neceflsary 
Enclosure  of,  in  Metallic 
Case,  108 

Statical  Method  of  Comparing 
Capacities,  330 

Stems,  Coating  Insulating,  with 
Paraffin  Wax  or  8nell-la« 
Vamiab,  267 

Storsge  Cells,  Smnll  Internal  Be- 
sisl^vuoe  of,  261 


Storage  Cells,  Measuring  Bwrfghinf 

of,  206 
Strength  of  Cnrrent,  Measnzcineut 

of,  4 
of  Current,  Why  Measured  by 

Chemical  Proper^,  10 
of  Electro- Magnet,    Law     of, 

when  Core  is  Slightly  Mag- 
netised. 382 
of  Poles  of  Single  Needle  of 

Galvanometer,  Calibration 

Unaffected  by,  23 
Striking  Distance,    D«ifinition    of, 

«iot«,371 
Strong  Current,  Measuring  Besist- 

ance  during  Pa»>sage  of,  187 
Subdividing    Potential    Difference 

into  Known  Fractions,  278 
Submarine  Gable,  OH«city  of,  809 
Substitation,   Simple,    Method    of 

Com^arixur  Besistaaoes,  138 
Solphnr  Dioxide,  Specific  Inductive 

Capacity  of,  310 

SpecificluductiveCapaeityof  ,310 

Sulphuric  Add,  DUute,  EflTeot  of 

Electrolysis  of,  15 
Add  Voltameter,  ComitraetioB 

of,  18 
Acid  Voltameter,  DeecriptioB 

of.  6. 
Acid  voltameter,  Obiection  to 

Ordinary  Form  of,  18 
AeidVoltameter,  Volume  of  Gas 

produced  in,  per  Second, 

or  one  Ampere,  12 
Add  voltameter.  Weight  of  Gaa 

produced  in,  per  Second, 

by  one  Ampere,  22 
Super-aatiuation  of  Liquid,  Deflni* 

tion  of,  noU,  411 
Snrfsee  Leakage,  266 


*.ii..i.  a«.  M^w  of  ^270 
of    Condactor.  £lectridty  at 
Best  Besides  Onlv  on.  118 

Suspension,  Fibre,  used  m  Thouk- 
son's  Marine  Qalvnnome- 
ter,6C 

Suspensions,  Pivot  and  Fibre,  C<mw 
pared,  60 

Symbolical  Bepresentation  of  Bat- 
teries, 173, 240 


rpABLE    of    Electrie    and    Heat 

-^  Condnotifities,  150 

of  Besistances  of  Insulators, 

271 
of  Besistances  for    a    Given 

Length  and  Diameter,  or 

for  a  Given  Xength  and 

Weight,  157 
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Table  of  Seslstances  of  Metals  par 
Cabic  Centimetre,  and  per 
Cabic  Incb.  154 

^— of  Specific  Inductive  Capaci- 
ties, 310 

of    TemperatnTe  Variation  of 

Besistance,  160 

sbowinff     Poteutial,    Density, 

ondQuMntity  of  Electricity 
on  Condnctor  in  Different 
Conditions,  123 

sbowiDg  Variation  of  External 

Besistanoe,  Current,  and 
Potential  Difference  at 
Battery  Terminals,  205 

Tangent  of  Augle  of  Deflection 
Proi)Orti«»nal  to  Otirrent  in 
Tangent  GtalTauometer,  43 

—  Definition  of,  no'«,  37 

and  Degree  Scides,  Accuracy  of 

Beadings  Compared,  40 
CMvanometer,  36 

—  Galvanometer,     Alteration    of 

Sensibility  of,  bv  Altering 
Position  of  Needle,  51 

Galvanometer,  Adjustment  of 

Coil  of,  46  - 

— —  Ghilvanometer,  Best  Deflection 
to  Use  with,  41 

Galvanometer,    Calibration   of 

Galvanometer  by  Direct 
Compjirison  with,  58 

— —  Galvanometer,  Conditions  to 
be  FulKUed  in,  36 

Galvanomet<>r,  Controlled  Only 

by  the  Earth's  Magnetism, 
Values  in  Amperes  of  De- 
flections of,  55 

— —  Galvanometer,  Fulfilment  of 
Conditions  for  TftUo'Cut 
Law  in,  43 

Galvanometer,  Proportions  of 

Channel  in  Bobbin  of  .when 
Tangent  Law  is  Most  Ac- 
curately Fulfilled,  51 

—  Galvanometer,  Scale  for,  S9 
Galvanomtrter,    Simple    Form 

of,  27 
-^— Law,  How  Conditions  of,  are 

Fulfilled  in  Tangent  Gal- 
vanometers, 43 

Law,  When  True,  41 

Scale,  Mode  of  Making.  38 

Tangents,  Finding  Angles  from,  by 

means  of  Squared  Paper,  56 
TelegrH>h  Insulators,  274 
Insalators.     Testing      during 

Manufacture,  275 
Tel^rraphy,  Besistance  Boxes  used 

in  Duplex,  187 
Telephone,  Description  of  the  Bell, 

336 

H  H 


Temperature,  Change  of  Besistance 
with,  Beeults  of  Mutthies- 
sen's  Experiments  on,  160 

— —  Curve,  Coobng  Correction  of 
observed  Kise  of,  196 

Diminution  of  Besistance   of 

Insulators  with  Increase 
of,  271 

Equation  connecting  Variatiou 

of  Besistance  of  Metals 
with,  153 

^—  Law  of  Variation  of  Besistance 
with,  152 

Measurement    of.     Compared 

with  Measurement  of  Po. 
tential,  85 

Variation  of  E,  M.  P.  of  Lati- 
mer Clark's  Cell,  411 

Variation  of   Resisiau.e  with, 

147 

T^'-tting  Ammeters,  394 

Ammeters    for    Accuracy     of 

Gi-aduation,  395 

Ammeters  for  Error  on  Re- 
versing the  Current,  402 

". —  Ammeters  for  Error  Produced 
by  External  Magnetic  Dis- 
turbance,  403 

—  Ammeters  for  the  Pcrnf>Bnent 

Alteration  of  Seniitil.ty, 
407 

— —  Ammeters  for  Residual  Mag- 
uetism,  4G0 

^—  Cables,  Sew  ling  up  One  End 
while.  268 

Insulators  during  Manufac- 
ture, 275 

Voltmeters,  407 

Voltmeters    for    Accuracy    of 

Gniduation,  4'J8 

Voltmeters  for  Heating  Error, 

415 

Testing.  ( See  also  Comparing,  Mea- 
suring.) 

Thompson's,  Prof.  Silvanus  P  ,  Rule 
for  Best  Dimensi^  I'l  uf 
Channel  of  Bobbin  «  f  Tan- 
gent Galvanometer,  51 

Thomsons,  Sir  William,  Arrange- 
ment for  luL-reasing  a 
Potential  Difference  in 
Known  Ratio,  354 

—  Astatic  Galvanometer,  283 

— —  Astatic  Gralvanometer,  Modi- 
fied Form  of,  S^ 

Electrometers,  93 

Electrometer,         Edelmann's 

Form  of,  130 

Large  Current  Galvanometer. 

53 

— —  Leyden  Jar,  315 

— -  Marine  Galvanometer,  103 
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ThomMB't,  BIr  WillJ«m,  Murine 
Galnmometer,  Fibre  8a»> 
jpenaion  used  in,  60 

— ^Marme  G«lTftnometer,  Shields 
ing,  from  Ma^etic  Di» 
tnrbeaoe,  108 

Befleotinf  QmlTiuiometer,  98S 

Bepleniflher,  964 

Time  Bise  of  Temperatoxe  due  to 
Paanm  of  Current,  195 

Tin,  Chanice  of  Beeistanoe  of,  with 
Tempeimture,  160 

-—  Eleotrio  end  Heat  CondnctiTi- 
tiea  of,  Ck>nipaied,  ISO 

«——  Beeiatanoe  of , for  Otirea  Length 
and  Diameter,  and  for 
Given  Length  andWeight, 
157 

— —  Besistanoe  of,  per  CnUo  Cen- 
timetre, and  per  Cubic 
Inch,  154 


TTKIFOBM     Controlling     Field, 
^  Proportional'OalTanometer 

with.  72 

Magnetic  FieId,Deflnltionof ,  86 

Magnetlo    Field,    Motion    of 

Magnet  Produoed  in,  800 

Potential  on  Condnotor,  86 

Unit  of  Capacity,  807. 

of  Current,  11 

of  Density,  117 

of  Potential  DiiTerenoe,  89, 141 

of  Power,  448 

of  Quantity,  880 

of  Besistance,  B.A.,  141 

of  Beeiatanoe,  Britiah  Aaeocia- 

tion,  141 

of  Beeiatanoe,  Legal,  140 

of  BeeiaUooe,  Siem^na',  148 

of  Beeiatanoe,  B.  A.  and  l^egal. 

Compared,  148    . 
Unite,   Seleeoon   of.  Suitable    on 

Squared  Paper,  82 


'VTALUBS  in  Amperea  of  Defleo- 
^  tiona  of  Tangent  Oalvano- 

meter  ContzoUed  On^  by 
Earth'a  Magnetiam,  55 

Variable  Besietance  in  Voltmeters 
caused  by  Self>Liduotion 
with  Alternating  Potential 
DiiTerenoes,  427 

Variation  of  Capacity  of  Condenser 
with  Area  of,  and  Distance 
between,  its  Coatings,  808 

——of  External  Beoistance,  Cur- 
rent, and  Potential  Dif- 


at 
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Variation  of  Magnetio  Effect  of 
Bobbin  with  Current  and 
Besistanoe,  418 

of  Besistanoe  with  Length,  143 

of  Besistanoe  with  Mat  erial,  146 

•^—  of  Bedstanoe  with  Sectional 
Area,  146 

-^of  Beeiatanoe  with  Tempera- 
ture, 147 

—-of  Beeistance  with  Temi>er:V' 
tnre.  Law  of,  158 

— —  of  Sensibility  of  any  GalTaoo- 
meter  by  Althing  Disr- 
meter  of  wire,  22 

of  Sensibili^  of  any  Oalvano- 

meter  with  Length  of  Wire 
used  in  Winding,  418 

— — '  of  Sensibility  of  any  Galvano- 
meter by  fehnntuig,  229 

"—  of  SensiUlil^L^  Galvanometer 
with  Its  Besistanoe,  416 

of  Sensibility  of  Tangent  Gal- 

Tanometer,  48 

of  Sensibility  of  Voltmeter  with 

Chanee  of  its  Besistanoe, 
407,418 

'——  Produced  in  Total  Current 
by  Shunting  Portion  of 
dircuit,258 

— —  with  Temperature  of  E.  M.  F. 
of  Daniell's  CeU.  211 

with  Temperature  of  E.  M.  F. 

of  Ladmer  Clark*s  Cell,  41 1 

Varley's  Accumulating  Influence 
Machine,  367 

Varnish,  Coating  Insulating  Stems 
with  SheU-hu),  867 

How  to  make  Insulating,  aote, 

268 

Varnishing  Shade  of  Ordinary  Gold- 
Le«f  Electroscope  97 

Varying  Potential  Dttferenoe  in 
Known  Batio,  878.  354 

Vibration,  Definition  of  Periodic 
Time  of,  291 

Voltaic  Element,  209 

Voltameter  cannot  Measure  Alter- 
nating Current,  196 

Copper,  Description  of,  6,  U. 

(Sat   also    Copper   Volta- 
meter.) 

— — '  Hoffmann's.  15 

Silver,  Used  by  LordBayleigh, 

11,805 

——Sulphuric  Add,  ConstruotMB 
of,  18 

Sulphuric  Add,  Descriptionof,  • 

^— >  Sulphuric  Acid,  V<dume  of  Gaa 
produced  m,  per  «*^*«»<^| 
by  One  Ampere,  12 
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Voltameter,  Sulphnrio  Add,  WetglLt 
of  Qns  produced  in,  per 
S«ooud«  by  Ooa  Ampere, 


Zino.     {8e»  Zinc  Voltameter.) 

Voltameter!,   Objections  to   usnal 

U ode  of  Const  meting,  18 
-•—  and    QalvanometerB,    Relative 

AdTHnt««e8  of,  20 
^—  Direotion  of  Cnrrent  ia  Acid, 
Copper,  and  Zinc,  15 

Diaadvantaffe  of,  20 

Independence  of  Gaa  Generated 

and  of  Metal  Deposited  of 
Shape,  Sise,  and  Distance 
Aptut  of  Plates,  10 

Precautions  in  Utdxi^t  no(«,  11 

— -  Silver,  not*,  11 
•^—  Silver,  Use  of*  in  Calibrating 
Ammeters,  80S-40J 

Weights  of  Metals  Deposited 

on  Plates  of,  per  Second, 
by  One  Ampors,  11 

Wliy  Only  Used  ti  Measuring 

Large  Currents,  20 
Volt,  The,  86 

Practical    Definition    of    the, 

Ul 

Provisional  Definition  of  the,  80 

Voltmeters,  128,  S76 
Voltmeter,  Cardew's  Latest  Form 
of,iffi 

Cardew's,  Advantages  of.  426 

Cardew's,  Arranized  for  Moosar- 

ing  Large  Potential  Dif- 
ference'*, 425 

Cardew's.   Diameter    of  Wire 

Used  in,  423 

Tardew's,  Disadvtntage  of,  427 

Cardew's,  Length  of  Wire  Used 

in  Latest  Form  of,  423 

Cardeov's.  No   Heating   Knor 

in,  426 

Cardew's,  Self-Indnetion  Small 

in,  427 

Commiitator,  427 

Commutator,  Calibrating,  483 

— -  Conynghame's,  388 

— —  Ouiynghame'B,Advantagea  and 

Disadvantages  of,  S85 
— —  Cnnynghame's,  Graduation  of, 

Electro-Msgnetio  Control,  888 

•—Electro-Magnetic  Control, 
Cxompton  and  Kapp's,  802 

_  Electro-Magnetic  Control, 
Patezson  and  Cooper's, 
883 

—  Electxo-Msgnetio  Control,  Ad- 
vantage and  Disadvantage 
of,  804 

Oravilgr  Control,  801 


Voltmeter  Gravity  Control,  Ad- 
vantages of,  391 

Oravity  Control,  Disadvantages 

of,  394 

Magnifying  Spring,  386 

Mugnifying  Sprmg,  Adjust- 
ment for  Sensibility  in,  380 

Magnifying  Spring,  Advantages 

of,  aoo 

— ^Msgnifying  Spring:,  Best  Law 

of  Gauge  of  W  ire  for  Coils 

of,  421 
^—  Msgnifying  Spring,  Diaadvau- 

taoe  of,  391 
^—Magnifying  S^ag,  Indication 

of  Direction  of  Current  in. 

880 
— —  Permanent  Magnet,  00 
Permanent  Magnet,  Advantages 

of.  78 

—  Permanent;  Magnet,  Defect  of, 

876 

—  Permanent     Magnet,    Diroct- 

Beading,  76 

Spring  Control,  877 

Standard,  4. '2 

with  Magnifying  Gearing,  3S6 

Best  Material  for  Coils  of,  420 

Best  Material  for  Co.Ij  of  Ex. 

temal  RedBtance  for,  422 

—  Best  Law  of   Gauge  of  Wiro 

for.  4fiL 
Calibrating  by  Comparison  with 

Standard  Cell.  410 
Calibrating,  by    FoggundorflTs 

Method,  413 
-— '  Calibrating,  with  Known  Cur> 

rent  aod  Sesiatance,  408 

Errors  in,  407 

with  Eztcgrnal  Besistaiice,  421 

—  Waste  of  Energy  in,  with  High 

Eztemal  Besibtaucr,  42*J 

Testing,  407 

testing,  for  Aoonnusy  ol  G  rodu- 

ation.406 

Testing,  for  Heating  Error,  4l5 

Variation  of  Sensibility  3f,  nvlth 

Change  of  its  Besiatauce, 
407708 

Variation  of  Sensibility  of,  with 

External  Besistanoe.  42L 

Variation  of  Sensibility  of,  with 

Speed  of  Alternation  of 
Potential  DUfereno,  427 

Volilme  of  Gas  Prodaced  per 
Second  in  Sulphuric  Acid 
Voltameter  by  One  Am- 
pere, 18 

Voss*  Accumulating  Infiuenoe  Ma* 
ohine,  367 

Valoanised  Indiarabber,  Hooper's, 
~  of,  271 
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TKTASSE  of  EiDorgj  in  Voltmoten 
^^  with  High  External  Be- 

sistauoe,42& 
~^of  Ener^  in  Friotional  Eleo- 

trieal  ICachinM,  852 
Water,  Current  of,  in  Pipe  Compared 

with  Eleotiio  Current,  3, 80 
Difference  between  Preasore  of. 

Flowing  in    a  Pipe,   and 

Electrio  Potential,  81 

Equivalent,  Definition  of,  198 

Jacket,  Use  of,  198 

Watt,  Definition  of  the,  448 

Work  done  in  One  Minate  and 

One  Second,  when  One,  ia 

Developed,  443 
Wattaneter,  Conatmotion  of,  444 

Errors  in,  445 

Wax,  Coating  Insulating  St«>ms  with 

Paxafiln,    887.      (Sm    also 

Paraffin.) 
Weighing,  Meaaozing  Potential  Dif- 
ference by,  88 
Weight  Electrometer,  88 
Sleotrometer,  Increasing  Sen- 

sibilitT  oc,  by  usiug  Aux- 

ilianr  High  PotentiiQ,  91 
——of  Gas  rrodnced  per  Second, 

in  Sulphuric  Add  Volta- 
meter, by  One  Ampere,  12 
Wheatatone's  Bridge  or  Balance,  166 

Bridge,  Arms  of,  172 

—^  BridgB,  Qest  Azxangement  of 

Battory  and  Qalvanometer 

with,  171.  467 
Bridge,    Best   Besiataace    for 

Arms  of,  171 
—  Bridge.  Commercial  Form  of, 

178 
Bridge,    Conditions    Affecting 

iSensibility  of,  171 
Bridge  QalTanometer,  Best  &e- 

aistance  for,  172,  466 
Bridge  Oalvanometer,  Current 

through,  465 
Bridge  Giuvanometer,  Meaning 

of  Ddflection  of,  176 
>  Bridge,   Mode  of    Increaaing 

Sensibmty  of  .168 

Bridge,  Key  for,  174 

'— -  Bric^,   Superiority   of,    over 

Differential  QalTanometer, 

171 
Bridge,  Use  of  Shnnt  with,  176 


Wiedemann  and  Franc's  TsUe  oC 

Heat     ConduetiTitiea    oi 

Metals,  159 
Wimahurst  Influence  Machine,  367 
— >  Influence  Machine,  Attaching 

Leyden  Jars  to  CoUectora 

of.  370 
— 'Influence  Machine,  CoUectin^ 

Combs  of,  369 
•^—Influence  Machine,  Work  done 

by,  371 
Winding  Besistanoe  Coils,  Mode  of. 

163 
Windings,  Variation  of  Sensibility 

of  a   GalTunometer    with 

Number  of,  49 
Wire  and  Liquid  Besistanoes,  Com- 
parison of,  194 
Best  Gauge  of,  for  Differential 

GalTauometer.  436 
— -  Best  Gau^  of,  for  GalTano- 

meterm  SimpleCircait,483 
Beat  Gauge   of,  for  Galvano- 
meter    of     Wheatatone's 

Bridge,  172,  466 
Wires  Joined  in  Parallel.  136 

Joined  in  Seriea,  140 

Work  done  by  Current  Generator, 

202 
'—  done  by  Wimshurst  Influence 

Machine.  371 

done  in  Electric  Circuit,  199 

——done    per    Minute,    and    per 

Second,  when  One  Watt  ia 

Developed,  44S 


yAMBONI'S  Construction  of  Dry 

^  Pile,  373 

Zero  Instrument,  Definition  of,  380 

Zinc  Amalgam,  218 

How  to  Amalgamate,  218 

— ~-  Besistanoe  of,  for  Given  Length 
and  Diameter,  and  for 
Given  Length  and  Weight, 
187 

—  Besistanoe  of,  per  CuUo  Centi. 

metre,  and  per  Cubic  Inch, 
154 

—  Temperatare  Variation  of  Be- 

sistance  of.  160 

— >  Voltameter,  Direction  of  Cur- 
rent in,  15 

Voltameter.  Weight    of   Zinc 

Deposited  on  Plate  of,  per 
Second,  by  one  Ampere,  11 
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Illustrated.    38.  6d. ;  cloth,  gilt  edges,  ^. 
Waterloo  Letters.      Edited  vy  Major-General  H.  T.  Sibornb,  late 

Colonel  R.  E.    With  numerous  Maps  and  Plun  of  the  Battlefield,    axs. 
Wild  Birds,  Familiar.    By  W.  Swaysland.    Four  Series.    With  4c 

Colotuvd  Plates  in  each.    xas.  fid.  each. 
Wild  Flowers,  Familiar.    By  F.  E.  Hulmb,   F.L.S.,  F.S.A.     Five 

Series.    With  40  Coloured  Plates  in  each.    las.  fid.  each. 
Wood,  Rev.  J.  G.,  Life  of  the.     By  the  Rev.  Thbodoxb  Woodl 

Extra  crown  8vo,  cloth.    Cheap  Edition.     5s. 
Work.    An  Illustrated  Journal  for  all  Workmen.    Yearly  VoL,  78.  6d. 
World  of  Wit  and  Humour,  The.    With  400   Illustrations.    78.  fid. 
World  of  Wondere.     Two  Vols.    With  400  Illustrations.    7s.  fid.  each. 
Wrecker,  The.    By  Robert  Louis  Stevenson  and  Lloyd  Osbournb. 

Illustrated,    fis. 
Yule  Tide.    Cassell's  Christmas  Annual,  is. 

ILL USTRATED  MAGAZINES, 
The  Quiver,    Enlarged  Series.    Monthly,  fid. 
CasaelVe  Fatnily  Magazine,    Monthly,  vd. 
•*IAitle  I^lke"  Magamine,    Monthly,  fid. 
The  Maganine  of  Art,    Monthly,  is. 

'*  Chums."   Illustrated  Paper  for  Boys.    Weekly,  id.  ;  Monthly,  fid. 
CaeeelVa  Saturday  J'ournal,    Weekly,  id. ;  M<mthly,  6d. 
Work,    Weekly,  xd. ;  Monthly,  fid. 

Cassell^  Complete  Catalogue,  containing  partlcuhxs  of  upwardi  ol 
One  Thousand  Volumes,  will  be  sent  post  free  on  application 

CASSELL  &  COMPANY,  Limited,  Lndgate  Hill,  London, 


Selections  from  Cassell  A  Company s  Publications. 

l^ibUs  attb  fleligtouB  UStorhB. 

Bible,  Cassell'B  Illustrated  Family.  Wiih  900  lUustraiions.  Leather, 
gilt  edges,  £1  xoa. 

Bible  Educator,  The.  Edited  by  the  Very  Rev.  Dean  Plumptrb,  D.D., 
With  Illustrations,  Maps,  &c.      Poor  Vols.,  cloth,  68.  each. 

Bible  Student  in  the  British  Museum,  The.  By  the  Rev.  J.  G. 
KiTCHiN,  M.A.    New  ami  Revistd  Edition,    xs.  4d. 

Bible  women  and  Nurses.    Yearly  Volume.     Illustrated.    3a. 

Bun\^n's  Pilgrim's  Progress  and  Holy  War.     With  aco  Illustrations 

with  a  New  LifeofBunyan  by  the  Rev.  John  Brown,  B.A.,  D.D. 

Cloth,  x6s. 

Bunyan's  Pilgrim's  Progress.  Illustrated  throughout.  Cloth,  38.  6d. ; 
cloth  gilt,  gilt  edges,  53. 

Bunyan's  Pilgrim's  Progress.    With  Illustrations.    Cloth,  as.  6d. 

Child's  Bible,  The.    With  200  Illustrations.     150/A  Thousand,    7s.  6d. 

Child's  Life  of  Christ,  The.    With  aoo  Illustrations.    7s.  6d. 

**Come,  ye  Children."    Illustrated.    By  Rev.  Benjamin  Wauch.    5s. 

Conquests  of  the  Cross.  With  numerous  Illustrations.  Complete  in 
Three  Vols.     gs.  each. 

Dore  Bible.  With  338  Illustrations  by  Gustavb  DorA.  Small  folio, 
best  morocco,  gilt  edges,  £15.  Popu  or  Edition.  With  200  Illus- 
trations.   X5S. 

Early  Days  of  Christianity,  The.  By  the  Ven.  Archdeacon  Farrar. 
D.D.,  F.R.S.  Library  Edition.  Two  Vols.,  34s.  ;  morocco.  £3  as. 
Popular  Edition.  Complete  in  One  Volume,  cloth,  68. ;  cloth,  gilt 
edges,  78. 6d. ;  Persian  morocco,  xos.  6d. ;  tree-calf,  15s. 

Family  Prayer-Book,  The.  Edited  by  Rev.  Canon  Gahbhtt,  M.A., 
and  Rev.  S.  Martin.    Extra  crown  410,  cloth,  58. ;  morocco,  iSs. 

Gleanings  after  Harvest.  Studies  and  Sketches  by  the  Rev.  John  R. 
Vernon,  M.A.     Illustrated     6s. 

**  Graven  in  the  Rock."  By  the  Rev.  Dr.  Samuel  Kinns,  F.R.A.S., 
Author  of  "  Mo.ses  and  Geology."    Illustrated,     xas.  6d. 

"Heart  Chords."  A  Series  of  Works  by  Eminent  Divines.  Bound  in 
cloth,  red  edges,  One  Shilling  each. 


MY  BIRLB.    By  the  Right  Rev.  W.  BOYD 

Carpenter,  BUbop  of  Kipon. 
MY  Father.     By  the  Ki^ht  Rev.  ASH- 


Carpenter,  BUbop  of  Kipon. 

kiifi 
ton  Oxenden.  late  Bishop  orMont- 


real. 
MY  WORK  FOR   Cod.     By  the  Right 

Rev.  Bishop  COTTURILL. 
MY  Object   in   Life.     By  the  Vea. 

Archdracon  FARRAR,  D.D. 
MY   Aspirations.     By  the   Rev.  G. 

Mathkson.  D.D. 
MY  i-.MUTio.NAL  Life.     By  the  Rev. 

Prcb.  Chadwick,  D.D. 
MY   BODY.    By  the  Rev.  Profl   W.  G. 


BLAIKIE, 


By  ti 
D.D 


My  Growth  in  Divine  Life.    By  the 

Rev.  Prcb.  REYNOLDS.  M.A. 

MY  SOUU  By  the  Rev.  P.  B.  POWER. 
M.A. 

MY  HEREAFTER.     By  the  Veiy  Rev. 

Dean  Bickersteth. 

MY  Walk  with  god.  By  the  Very 
Rev.  Dc.in  MONTGOMERY. 

MY  AIDS  TO  THE  DiVINR  LiFB.  By 
the  Very  Rev.  Deau  BOYLE. 

My  SOURCES  OF  Strength.    By  iiio 

Rev.  n.li. JENKINS,  M.A.,  Secrciary 
of  Wesleyan  .Missionary  Society. 


Helps  to  Belief.  A  Series  of  Helpful  Manuals  on  the  Religious 
Difficulties  of  the  Day.  Edited  by  the  Rev.  Teignmoutii  Shore,  M.  A., 
Canon  of  Worcester.    Cloth,  xs.  each. 

Creation.  By  Dr.  H.  Goodwin,  the  late    ,     MIRACLES.       By  the    Rev.    Brownlow 
Lord  Bishop  of  Carlisle.  I  Ma  it  land.  M.A. 


THB  DIVINITY  OF  OUR  LORO.  By 
the  Lord  Bishop  of  Derry. 

The  morality  of  the  old  Testa- 
ment. By  the  Rev.  Newman 
Smyth,  D.D. 


Prayer.     By  the  Rev.  T.  Teignmcuth 

Shore,  M.A. 
The  ATONE.MBNT.    By  wmiam  Connor 
Magec,  D.D.,   Late   Archbishop   of 

5  B   S.9S 


StUcHons  from  Cassell  ^  Company s  PublicaHons. 

Holy  Land  and  the  Bible,  The.    By  the  Rev.  C  Grikib,  D.D.,  LL.D. 

(EdiD.).    Two  Vols.,  a4S.    Illustrated  EdiiioH^  One  Vol.,  azs. 
Lectures  on  Christianity  and  Socialism.    By  the  Right  Rev.  Alpsed 

Baxrv,  D,D.    Cloth,  38.  6d. 
Life  of  Christ,  The.    By  the  Ven.  Archdeacon  Farrar.  D.D.,  F.R.S. 

Library  Edition.  Two  Vols.    Cloth,  248. ;  morocco,  42s.     Cheap 

Illustrated  Edition.     Cloth^  78.  6d. ;  doth,  full  gilt,  gilt  edges, 

zos.  6d.     Popular  Edition,  in  One  Vol.,  8vo,  cloth,  6s.  ;  doih, 

gilt  edges,  7s.  6d. ;  Persian  morocco,  gilt  edges,  loa.  6d. ;  tree-calf,  i^s. 
Marriage    Ring,  The.     By   William    Landbls,    D.D.     Nrm    and 

Cheaper  Editimt,    3s.  6d. 
Morning  and  Evening  Prayers  for  Workhouses  and  other  InstitutioDS. 

Selected  by  Louisa  Twining,    sa. 
Mo8e8  and  Geology ;  or,  The  Harmony  of  the  Bible  with  Science. 

By  the  Rev.  Samubl  Kinns,  Ph.D.,  F.R.A.S.      lUustnted.      Hem 

Edition  on  Larger  and  Superior  Paper.      8a.  6d. 
My  Comfort  in  Sorrow.   'By  Hugh  Macmillan,  D.D.     zs. 

New  Light  on  the  Bible  and  the  Holy  Land.  By  B.  T.  A.  Evrrrs. 
Illustrated.    ai8. 

New  Testament  Commentary  for  English  Readers,  The.  Edited 
by  the  Rt.  Rev.  C.  J.  Ellicott,  D.D.,  Lord  Bishop  of  Gloucester 
and  Bristol.  In  Three  Volumes,  sis.  each.  VoL  I. — ^The  Four  Go&pcls. 
Vol..  II.— The  Acts,  Romans,  Corinthians,  Galatians.  VoL  III.— l*he 
remaining  Books  of  the  New  Testament. 

New  Testament  Commentary.  Edited  by  Bishop  Elucott.  Handy 
Volume  Edition.  St.  Matthew,  38.  6d.  St.  Mark,  38.  St.  Luke, 
38.  6d.  St.  John,  38.  6d.  The  AcU  or  the  Apostles,  38.  6d.  Romans* 
98.  6d.    Corinthians  I.  and  II.,  38.    Galatians,  Ephesians,  and  Philip- 

ftans,    38.      Colosftians,    Thessalouians,    and    Timothy,    3a.      Titus, 
^hilemon,  Hebrews,   and  James,  ^8.      Peter,  Jude,  and  John,  3a. 

The  Revelation.  38.     An  Introduction  to  the  New  Testament,  3s.  6d. 
Old  Testament  Commentary  for  English  Readers,  The.     Edited 

by  the  Right  Rev.  C  J.  Ellicott,  D.D.,  Lord  Bishop  of  Gloucester 

and  BristoL  Complete  in  Five  Vols.  axs.  each.  Vol.  I.— Genesis  to  Num> 

bers.     Vol.  II. — Deuteronomy  to  Samuel  II.    Vol.  III. — Kings  I.  to 

Esther.    Vol.  IV. — Job  to  Isaiah.    Vol.  V.  —Jeremiah  to  Malaoii. 
Old  Testament  Commentary.    Edited  by  Bishop  Ellicott.    Handy 

Volume    Edition.      Genesis,  38.  6d.       Exodus,  38.      Leviticus,  3s. 

Numbers,  38.  6d.     Deuteronomy,  as.  6d. 
ProtesUntism,  The  History  of.     By  the  Rev.  J.  A.  Wylib,  LL.D. 

Containing  upwards  of  600  Original  Illustrations.    Three  Vols.  ga.  each. 
Quiver  Yearly  Volume,  The.    With  about  600  Original  Illu&uatioDs. 

78.  6d. 
Religion,    The    Dictionary   oC      By  the   Rev.    W.  Bbnham,    B.D. 

Ch  ap  Edition,    xoa.  6d. 
St.  George  for  England  ;  and  other  Sermons  preached  to  Children.    By 

the  Rev.  T.  Tbignmouth  Shore,  M.A.,  Canon  of  Worcester,    ss. 
St.  Paul,  The  Life  and  Work  of.    By  the  Ven.  Archdeacon  Farrar, 

D.D.,  F.R.S.,  Chaplain-in-Ordinary  to  the  Queen.    Library  Edition. 

Two  Vols.,  cloth,  348. ;  calf,  428.    Illustrated  Edition,  complete 

in  One  Volume,  with  about  300  Illustrations,  j^x  xa. ;  morocco,  j^a  as. 

Popular  Edition.    One  Volume,  8vo,  cloth,  68.;  doth,  gilt  edges, 

78.  6d. ;  Persian  morocco,  loa.  6d. ;  tree-calf,  158. 
Shall  We  Know  One  Another  in  Heaven  ?    By  the  Rt.  Rev.  J.  C. 

Rylb.  D.D.,  Bishop  of  LiverpooL    Cheap  Edition,    Paper  covers,  6d. 
Bigna  Cnriati.    By  the  Rev.  Jambs  Aitchison.   5*. 
"Sunday,"  Its  Origin,  History,  and  Present  Obligation.     By  the 

Ven.  Archdeacon  Hessby,  D.C.L.    Fifth  Edition.    7s.  6d. 
Twilight  of  Life,  The.    Vvords  of  Counsel  and  Comfort  for  th« 

Aged.    By  the  Rev.  John  Eixbrton,  M.A.    xs.  6d. 


Seteciions  /rom  CctssM  #  Companies  Publications, 

iEftttcati0ttal  Works  ani>  JiftutieniB'  iKatmals. 

A|:riciiltural  Text-Books,  Cassell's.  (The  "Downton"  Scries.)  Edited 
\t^  John  Wrightsom,  Professor  of  Agriculture.  Fully  Illustrated, 
M.  od.  each. 

Vann  Crops.    By  Prof.  Wrightson.    Soils  and  ICanuros.    By  J.  M.  H. 
MUMRO.  D.Sc  (LondoDK  F.I.C..  F.CS.    Uvs  Btook.    By  Prof.  WRIGHTSON. 

Alphabet,  Casseira  Pictorial.    38.  6d. 

Arithmetics,  The  Modern  School.     By  Gsorgb  Ricics,  B.Sc.  Loud. 

With  Test  Cards.    (Lut  on  ap^icaium.) 
Atlas,  Cassell's  Popular.    Containing  24  Coloured  Maps.    as.  6d. 
Book-Keeping.     By  Thkodorb  Jombs.     For  Schools,  ss. ;  cloth,  38* 

For  the  Million,  as. ;  cloth,  3s.     Books  for  Jones's  System,  as. 
Chemistry.  The  Public  School.    By  J.  H.  Andsrson,  M.A.    as.  6d. 
Classical  Texts  for  Schools,  Cassell's.  (A  List  post/rtf  on  application.) 
Cookery  for  Schools.    By  Lizzie  Heritage.    6a. 
Copy-Books,  Cassell's  Graduated.    Rigktoen  Books,    ad.  each. 
Copy-Books,  The  Modern  School.    Twelve  Books,    ad.  each. 
Drawing  Copies,  Cassell's  Modern  School  Freehand.    First  Grade, 

IS. ;  Second  Grade,  as. 
Drawing  Copies,  Cassell's  **  New  Standard."    Compute  in  Fourteen 

Books,    sd.,  3d.,  and  4d.  each. 
Bnersy  and  Motion.    By  William  Paicb,  M.A.    Illustrated,    xs.  6d. 
Buclid,  Cassell's.    Edited  by  ProC  Wallace,  M.A.    xs. 
Euclid,  The  First  Four  Books  of.  New  Edition.  In  paper,  6d. ;  cloth,  gd. 
Bxperiroental  Geometry.    By  Paul  Bert.    Illustrated,    xs.  6d. 
French,  Cassell's  Lessons  in.    New  and  Reviud  Edition,    Parts  L 

and  II.,  each  as.  6d. ;  complete,  4s.  6d.    Key,  xs.  6d. 
French-English  and  English- French    Dictionary.     Entirely  New 

and  Enlarged  Edition,     1,150  pages,  8vo,  cloth,  3s.  6d. 
French  Reader,  Cassell's  Public  School.   By  G.  S.  Conrad.  as.6d. 
Gaudeamus.    Songs  for  Colleges  and  Schools.    Edited  by  John  Farmer. 

5s.     Words  only,  paper  covers,  6d.  ;  cloth,  gd. 
German    Dictionary,    Cassell's    New.       German-English,    English* 

German.    Ckeap  Edition.    Cloth,  3s.  6d. 
Hand-and-Eye  Training.  ByG.  Ricks,  B.Sc.  a  Vols.,  with  16  Coloured 

Plates  in  each  VoL  Cr.  4to,  6s.  each.  Cards  for  Class  Use,  5  sets,  xs.  each. 
Historical   Cartoons,  Cassell's   Coloured.      Size  45  in.  x  3c  in.,  as. 

each.     Mounted  on  canvas  and  varnished,  with  rollers,  5s.  each. 
Historical  Course  for  Schools,  Cassell's.    Illustrated  throughout. 

1. — Stories  from  English  History,   xs.    II. — ^The  Simple  Outline  of 

English  History,  xs.  3d.     III.— The  Qass  History  of  England,  as.  6d. 

Latin  Dictionary,  Cassell's  New.  Revised  by  J.  R.  V.  Marchant, 
M.A.,  and  J.  F.  Charles,  B.A.    Cloth,  38.  6d. 

Latin-English  and  English-Latin  Dictionary.  New  Edition*    3s.  6d. 
Latin  Primer,  The  First.    By  ProC  Postgate.    xs. 
Latin  Primer,  The  New.    By  Prof.  J.  P.  Postgate.  Crown  8vo,  as.  6d. 
Latin  Prose  for  Lower  Forms.    By  M.  A.  Bayfield,  M.A.    as.  6d. 
Laundry  Work  (How  to  Teach  It).    By  Mrs.  E.  Lord.    6d. 
Laws  of  Every- Day  Life.    By  H.  O.  Arnold-Forstbr,  M.P.    xs.  6d. 

Special  Edition  on  Green  Paper  for  Persons  with  Weak  EyesighL     3S. 
Little  Folks'  History  of  England.     Illustrated,     xs.  6d. 
Making  of  the  Home,  The.    By  Mrs.  Samuel  A.  Barnett.    is.  6d. 
Map-Building  Series,  Casselrs.     Outline  Maps  prepared  by  H.  O. 

Arnold- FoRSTER,  M.P.     Per  Set  of  Twelve,  is. 
Marlborough  Books :— Arithmetic  Examples,  3a.  Arithmetic  Rules,  xs.  fid. 

French  Exercises,  3s.  fid.  French  Grammar,  as.  fid.  German  do.,  38.  fid. 
Mechanics  for  Young  Beginners,  A  First  Book  of.     By  the  Rev. 

J.  G.  Easton,  M.A.    4s.  fid. 


Selections  from  Cassell  ^  Company s  PubHcations, 

Mechanics  and  Machine  Design,  Numerical  Examples  in  Practical. 
By  R.  G.  Blainb,  M.E.    With  Diasrams.    Qoth,  as.  6d. 

'*  Model  Joint"  Wall  Sheets,  for  Instruction  in  Manual  TcaininK.  By 
S.  Baxtkr.    Eight  Sheets,  as.  6d.  each. 

Natural  History  Coloured  Wall  Sheets,  CasselPs  New.  x8 
Subjects.  Size  39  by  31  in.    Mounted  on  rollers  and  varnished.  3s.  each. 

Object  Lessons  from  Nature.  By  Prof.  L.  C  Miall,  F.L.S.  Half 
doth,  paper  boards,  as. ;  or  doth,  as.  6d. 

Perspective,  The  Principles  of.  By  G.  Tkobridgb.  Illustrated.  Paper, 
IS.  6d. ;  doth,  as.  6d. 

Physiology  for  Schools.  By  A.  T.  Schopisld,  M.D.,  M.R.CS.,&c. 
Illustrated.  Cloth,  is.  gd. ;  Three  Parts,  paper  covers,  jd.  each  ;  or 
doth  limp,  6d.  each. 

Poetry  Readers,  Cassell's  New.  Illustrated,  za  Books,  zd.  each ;  or 
complete  in  one  Vol.,  doth,  zs.  6d. 

Popular  Educator,  Cassell's  NEW.  With  Revised  Text,  New  Maps, 
New  Coloured  Plates,  New  Type,  &c  In  8  Vols.  5s.  each;  or  Ei^it 
VoU.  in  Four,  half-morocco,  50s. 

Readers,  Cassell's  *' Higher  Class."     (List  on  af^Ucatiffn,) 

Readers,  Csssell's  Historical.    Illustrated.    {List  tm  o^^iicaH^m.) 

Readers,  Cassell's  Readable.    Illustrated.     {List  on  ajf^/Ucatian,) 

Readers  for  Infant  Schools,  Coloured.     Three  Books.    4d.  each. 

Reader,  The  Citisen.  By  H.  O.  Arnoli>Forster,  M.P.  Illustiated. 
IS.  6d.    Also  a  Scattish  EditioH^  doth,  zs.  6d. 

Reader,  The  Temperance.    By  Rev.  J.  Dennis  Hird.  Cr.  8vo.  is.  6d. 

Readers,  The  '*  Modern  School "  Qeofl[raphical.  {.List  on  applicatiam,) 

Readers,  The  **  Modern  School."    Illustrated.    (List  on  a^pUcaiicH,} 

Reckoning,  Howard's  Anglo-American  Art  of.  By  C.  Frusubb 
Howard.    Paper  covers,  zs. ;  cloth,  as.    AVw  Edition,  5s. 

Round  the  Empire.    By  G.  R.  Parkin.     Fully  Illustrated,    zs.  6d. 

Science  Applied  to  Work.    By  J.  A.  Bower,    zs. 

Science  ot  Everyday  Life.   By  J.  A.  Bower.    Illustrated,    zs. 

Shade  from  Models,  Common  Objects,  and  Casts  of  Ornament, 
How  to.    By  W.  E.  Spark bs.    With  25  Plates  by  the  Author.    3s, 

Shakspere's  Plays  for  School  Use.    5  Books.    Illustrated.    6d.  each. 

Spelling,  A  Complete  Manual  of.    By  J.  D.  Morbll,  LL.D.    zs. 

Technical  Manuals,  Cassell's.     Illustrated  throughout:— 

Handrailing  and  Staircasing,  3s.  6d.— Bricklayers,  Drawing  for,  3s.— 
Building  Construction,  as.  —  Cabinet- Makers,  Drawing  for,  38.  — 
Carpenters  and  Joiners,  Drawing  for,  3s.  6d.— Gothic  Stonework,  3a. 
— Luiear  Drawing  and  Practical  Geometry,  as.— Linear  Drawmg  and 
Projection.  The  Two  Vols,  in  One,  3s.  6d.— Machinists  and  Engineers, 
Drawing  for,  48.  6d.— Metal -Plate  Workers,  Drawing  for,  38.— Model 
Drawing,  3s.— Orthographical  and  Isometrical  Projection,  as.- Practical 
Perspective,  3s.— Stonemasons,  Drawing  for,  3s.— Applied  Mechanics, 
by  Sir  R.  S.  Ball,  LL.D.,  as.— Systematic  Drawing  and  Shading,  as. 

Technical  Educator,  Cassell's.   Revised  Edition.  Four  Vols.  js.  each. 

Technology,  Manuals  of.  Edited  by  Prof.  Aykton,  F.R.S.,  and 
Richard  Wqrmeix,  D.Sc,  M.A.  Illustrated  throughout  :— 
The  Dyeing  of  Textile  Fabrics,  by  Prof.  Hummel.  5s.— Watch  and 
Clock  Making,  by  D.  Glasgow.  Vice-President  of  the  British  Horo- 
logical  Institute,  4s.  6d.— Steel  and  Iron,  by  Prof.  W.  H.  Greenwood, 
F.C.S.,  M.I.C.E.,  &C.,  5s— Spinning  Woollen  and  Worsted,  by  W.  S. 
B.  McLaren.  M. P., 4s. 6d.— Design  in  Textile  Fabrics,  by  T.  R.  Ashen- 
hurst,  4s.  6d,— Practical  Mechanics,  by  Prof.  Perry,  M.E.,  3s.  6d.~ 
«...^«l'"^  "^^^^^  Worked  by  Hand  and  Machine,  by  Prof.  Smith.  3«,  6d. 
This  World  of  Ours.  By  H.  O.  Arnold- Forstkr,  M.P.  Illustrated. 
^.  6d. 

CASSELL  &  COMPANY.  Limited.  Lud^ate  HiU,  London, 


Selections  from  Cassell  #  Companj^s  Publications, 


fBoohs  for  ^ottn^  fpeopU. 

"  Little  Folks  '*  Half- Yearly  Volume.  Containine  43a  4to  paces,  with 
about  300  Illustrations,  and  Pictures  in  Colour.  Boards,  38. 6d. ;  cloth,  58. 

Bo- Peep.  A  Book  for  the  Little  Ones.  With  Original  Stories  and  Verses 
Illustrated  tlu-oughout.  Yearly  Volume.   Boards,  a8.6d.  ;  cloth,  38. 6d. 

Bashful  Fifteen.     By  L.  7.  Meadb.     Illu!<(trated.    38.  6d. 

Peep  of  Day.    An  Old  Friend  in  a  New  Dre«s.     Illustrated.    38.  6d. 

Mame  Steele's  Diary.    By  E.  A.  Dillwyn.    ss.  6d. 

A  Bundle  of  Tales.  By  Maggib  Brownb  (Author  of  "Wanted~« 
Kins,"  &c.),  Sam  Brownb,  and  Aunt  Ethbl.    38.  6d. 

Fairy  Tales  in  other  Lands.   By  Julia  Goddard.    Illustrated.   38. 6d. 

Story  Poems  for  Young  and  Old.    by  E.  Davbnport.    68. 

Pleasant  Work  for  Busy  Fingers.  By  Maggib  Brownb.  Illustrated.  58. 

Bom  a  Kine  By  Francos  and  Mary  Arnold-Forstbr.  (The  Life  of 
Alfonso  XIII..  the  Boy  King  of  Spain.)    Illustrated,    xs. 

Cassell's  Pictorial  Scrap  Book,  containing  several  thousand  Pictures. 
Cloth,  axs.    Also  in  Six  Sectional  Vols.,  paper  boards,  38. 6d.  each. 

The  Marvellous  Budget:  being  65,5^  htories  of  Jack  and  JUL 
By  the  Rev.  F.  Bennett.     Illustrated.    2s.  6d. 

Schoolroom  and  Home  Theatricals.  By  Arthur  Waugh.  Illus- 
trated,   as.  6d. 

Magic  at  Home.    By  Prof.  Hoffman.     Illustrated.    Cloth  eilt,  58. 

Little  Mother  Bunch.  By  Mrs.  Molbsworth.  Illustrated.  Cloth,  3s.  6d. 

Pictures  of  School  Life  and  Boyhood.  Selected  from  the  best  Authors. 
Edited  by  Percy  Fitzgerald,  M.A.    as.  6d. 

Heroes  of  Kvery-day  Life.  By  Laura  Lane.  With  about  ao  Full- 
cage  Illustrations.    Qoth.    as.  6d. 

Books  for  Young  People.    Illustrated.    Goth  gilt,  58.  each. 

The  Champion  of    Odin;    or.    |   Bound  by  a  Spell;  or.  The  Hunted 
VULinB  Life  In  the  Dasrs  of  Witch  of  the  forest.     By  the 

Old.     Br  J.  Fred.  Hodgetts.  j  Hon.  Mrs.  Greene. 

Under  Bayard's  Banner.    By  Henry  Frith. 
Books  for  Young  People.    Illustrated.    38.  6d.  each. 

•Polly !  A  Kew-Taahloned  OirL  By 
L.  T.  Meade. 


•The  White  House  at  Indh  Gow. 
By  Mrs.  Pitt. 

•A  Sweet  GMrl  Ghraduate.  By  L.  T. 

Meade. 
•The  King's  Command :  A  Story 

for  airls.  By  Maggie  Symington. 

IfOst  In  Samoa.  A  Tale  of  Adven- 
ture in  the  Navigator  Islands,  By 
kdward  S.  Ellis. 

Tali  or, "  Getting  Bven  ••  with 
Him.    By  Edward  S.  Ellis. 


"Follow  Ky  Leader."     By  Talbot 

Batoes  Reed. 
•The  Cost  of  a  Kistake.    By  Sarah 
Pitt. 

*A  World  of  Girls:   The  Story  of 
a  SohooL    By  L.  T.  Meade. 

Loat  among  White  Aflrioaua.  By 
David  Ker. 

For  Fortune  and  Glory:  A  Stonr  of 
the  Soudan  War.  By  Lewis 
Hough. 


•The  FalaoeBeautiftiL    By  I.  T. 
Meade. 

*j4ls«  procurable  in  superior  bindings  6a.  Mdl. 
Crown  8vo  Library.    Cheap  Editions.    Gilt  edges,  as.  6d.  each. 


Bamblee  Bound  London.    By  C 

L.  Mat^aux.    Illustrated. 
Around  and  About  Old  E  1  gland. 

By  C.  L.  Mattfauz.    Illustrated. 
FawB  and  Claws.    By  one  of  the 

Authors  of  "  Poems  written  for  a 

Child.'    Illustrated. 
DeoialTo    Events    in   History. 

Bv  1  homas  Archer.  With  Original 

IIltis^Tations. 
The  'iru)    Boblnson    Cruaoes. 

Cloth  gilt. 
FeeoB  A  broad  for  Folks  at  Horn  ^ 

lUustiated  throaghout. 


WlldAdventnTdsln  Wild  Flaoes. 

By  Dr.  G<vdon  StabLs,  R.N.    Illus- 
trated. 
Xodera    Explorers.       By    Thomas 

Froi^t    V^yx^Xtik  ^A.  New  and  Cheaper 

EdiHon, 
Ear  y  Explorers.    By  Thomas  Frost 
Home  Chat  wi'xi  our  Toung  Folks. 

Illustrated  throughout. 
Junele.  Feak.  «aid  Fla<n.    Ihustrated 

throughout. 
The  England  of  Shakespeire.    Br 

£.   Coadby.      With   FulTpage  Uh» 

tratloiis. 


Se/ic/ions  from  Casseil  #  Company* s  PyibHcaiums, 


The  ** Cross  and  Crown'*  Series. 

Vveedon'B  Sword :  A  Storj  of  the 

Dajrs    of    Wallace  and    Braco. 

By  Annie  S.  Swan. 
Btrc'iff  to  Buffer:    A   Btofry  of 

the  Jews.    By  E.  Wynne. 
Eeroee  of  the  ladiaa  Smpiret 

or.  Storlee  of  V«lo)r   and 

Vlotory.    by  Ernest  Foster. 
Xa  Xjotterv  of  riaine :  A  Btorr 

of  the  Waldanaae.    By  C.  L. 

Matrox. 


IDqstrated.    as.  6d.  each. 

Throoffh  Tiiel  to   Trlumpli.     By 

MadeUae  B.  Hiint. 
Bgr  Fire  and  Bwordi    A  Btorr  of 
Hocueaots.      By 


the 

Arcber. 
Adam  Hopbum'S  Vow:  A  Tale  of 

Kirk  and  Oorenaat.    By  Amue 

8.  Swan. 
No.  ZIII^   or.  The  Story  of  the 

Z«oat  Vestal      A   Tale  of  Earty 

Chriscian  Daya.    By  Emma  Bf  aishali. 


**Oolden  Mottoes'*  Series,  The.   Each  Book caatuning  «o8 pag«,  with 
Four  iull-page  Original  Illostrations.   Crown  8vo,  cloth  gilc,  3S.  ead). 


'Vil   Desperandum.**      By   the 
'  Rev.  F.  LangbrldKe,  M.A. 

'Bear  sad  Yorbear."   By  Sarah 
Pitt. 


Honour  is  my  Otdda.**    By  Jennie 

Henag  (Mn.  Adama-Actool. 
Aim  at  a  8ux«  Bnd."    By  Em^y 

Searchfield. 
He  Oonquere  who  Badi 

the  Author  of  "May 

Trial.'- ftc. 


"Toremoet  If  I  Can.**    By  Helen 
Atterldce. 

Casseil *s  Picture  Story  Books.    Each  containing  aboot  Sixty 
Pictures  and  Stories,  &c.    fid.  each. 


LltUe  Talks. 
Bright  Stars. 
Kureery  Toya 
Pet'a  Posy. 
Tiny  Tales. 


Daisy's  Story  Book. 
Dot'a  Story  Book. 
A  Neat  of  BtoHes. 
Oood-Night  Stories. 
Chats  for  SmaU  Chattersrs. 


Atintfteli  Btorias. 
Birdis»e  Story  Book. 
XiitUe  Ghiroes. 
A  Sheaf  of  Tnlea. 
Pewdrop  Storiea. 


Casseirs   Sixpenny   Story   Books.      All  lUostrated,  snd  "^•minirg 
Interesting  Stories  by  well-known  writers. 


The  Snuogler's  Gave. 

UtUe  UsSe. 

ZJttle  Bird,  ZilflB  sad  Advea- 

tureeof 
Luke  Barnloott. 


The  Boat  OhiU 

Uttle  Pioklea 

The  Xlohester  OoHsge  Boys. 

My  Firat  CroJse. 

The  Xtittls  Feaoomaker 


The  DeUt  Jug. 

CasselPs  Shilling  Story  Books.  All  Illustrated,  and  containing  Interest- 
ing Stories. 


Ban^  and  the  Boya 
The  Heir  of  Slmdala 
The     Mystery     at     BhonoUff 

SohooL 
Claimed    at   Last,  sad   Boy's 

Beward. 
Thorns  aad  Tingles 
The  Oaokoo  in  the  Bobia*s  Nest. 
John's  Kistake. 
The   History    of   Five    Uttle 

Fltohers. 
Diamonds  ia  the  Sand. 


Burly  Bob. 
The  Giant's  Cradle. 
Shag  aad  Doll. 
Auat  Ztueia'S  I«ookot. 
The  Xu^io  Mirror. 
The  Cost  of  Bevenga. 
Clever  Frnak. 
Among  the  Redskins. 
The  Ferrymaa  of  BrUL 
Harry  MazwelL 
A  Banished  Monaroh. 
Beveateea  Oats. 


Illustrated  Books  for  the  Little  Ones.     Containing  interesting  Stories. 
All  Illustrated,     xs.  each  ;  cloth  gilt,  xs.  fid. 
Firelight  Storf'^a. 


Sunlight  and  Shade. 
Bub-a-Dnb  Tales. 
FineFeathera  and  Fluffy  Fmr. 
Bcrimbles  and  Borape«. 
a-itUe  Tattl'^  Tales. 
Ud  aad  Down  the  Gkurdea. 
Au  Sorta  of  Adventures. 
Our  Sunday  Stories. 
Our  Holiday  Houn. 

Albums  for  Children.     3s.  fid.  each. 


Indoors  and  Out^ 

Some  Farm  Friends. 

Wandenng  Ways. 

Dumb  Friends. 

Those  Golden  Sands. 

Ziittla  Mothers  A;  their  Children. 

Our  Pretty  Pets. 

Our  Sohoolday  Hours. 

Creatures  Tame. 

Creatures  WUd. 


The  Album  for  Home.  Sohoo!, 
and  Play.  Contafaiing  Stories  by 
Popular    Authors.      Illustrated. 

My  Own  Album  of  Animals. 
With  Full-page  Illustrations. 


Picture  Album  of  All  Sorts. 

Fun-page  IllttStratlons. 
The   (%it-Chat  Album. 

throughout 


With 


Seleciums  from  Casselt  #  Compan/s  PuhKcaticm, 


'*Wanted-aKloc'*  Series.    IllnstnUed.    31.  6d.  cmJl 
OreAt  Graadmamraa.    By  Gcorsina  If.  Synge. 
Bobln'a  Bide.    By  EDtaor  DaTenp«>ft  Adam. 

Wanted— a  Kiac ;  or.  How  Kerie  ••»  the  Niin<>r j  Bhymae  to  Xlglita. 
^^  Bt  Maggie  Browne.    With  Origteal  Designs  by  Harry  FurnlM. 

The    >yorld'8    Workers.     A  Series  ofNew  and  Original  Volnmea. 
With  Portreiis  printed  00  a  tintas  Frontispiece,    xs.  each. 
Charles  Haddon  Spnrgeon.    By 


C.  HOLDBN  PIKB. 

Dr.  Arnold  of  Bngby.     By  Rom 

£.  Selfe. 
The  Sari  of  Bhafteshniy.     By 

Henry  Fnth. 
Baamh  aoUxiaon.   Agnes  Wes- 
ton, and  Mrs.  Meredith.    By 

H.  M.  Tonkinsoo. 
Thomas  A.  Bdison  and  Samuel 

V.  B.  Morse.     By  Dr.  Dcnslow 

and  J.  Marsh  Parker. 
Mrs.  Somerville  and  Mary  Gai^ 

penter.    By  Phyllis  Browna 
General  Oordon.     By  the   Rev. 

S.  A.  Swaine. 
Charles  Dlokens.    By  Ms  Eidssk 

Dauglieer. 
Sir  Titus  Bait  and  George 

Moore.    By  J.  Bunley. 

David  liivlngsione. 


Florence  lA^lghtingale.  Catherine 
Marsh.  Pranees  Rldler  Haver- 
gal.  Mrs.  Banyard  (-L.  N.  K.-j. 
ByLizrieAlldridge. 

Dr.  Outhrle,  Pather  Mathew, 
BUhv  Burritt,  Oeonrs  Uvesey. 


By  John  W.  Kirton.  LL.D. 
Henry   Havelooic   and    Colin 

Campbell  Xjord  Clyde.    By  E.  C 

Phillips. 

Abraham  Idneola.    By  Enest  Foster. 
Oeorge  Mttller  and  Andrew  Beed. 

By  E.  R.  Pitman. 
Blohard  Oobden.    By  R.  Cowing. 
Benlamln  Franklin.    By  E.  M. 

Tomkinson. 
HandeL    By  EUsa  Ckrke.         [Swaine. 
Tomer  the  Artist.    By  the  Rev.  S.  A 
George  end  Bobert   Stephenson. 

By  C  L.  Matfoax. 
By  Robert  Smiles. 


*•*  Thtabtnte  H^erks  {exctutlinr  RICHARD  COBDEN  ««</ CHARLB8  HADDOM 
SpUKGBON)  iOM  alMQ  t*  had  7  Arm  in  One  V»L,  chtk,  eiU  tdgts,  y. 

Ubrary   of  Wonders.    lUuttrsted  Gift-books  for   Boys.    Pftper,  zg.; 
doth.  IS.  6d. 
Wonderfol  Adventnres.  I        Wonders   of  Bodily  Strsngth 

Wonderfol  Baoapes.  and  Skin. 

WoDderfhl  BUloon  Aaeents.       I         Wonders  of  ,/tntmsl  Tnstlnet 

Illustrated. 
Faith*s  Father. 


I    ^ 

J«       I         W 
CasscU's  Eiflrhteenpenny  Story  Books. 
Wee  Willie  Winkie. 
Vpe  and  I>owns  of  a  Donkey^ 

JAX». 
Three  Wee  TTIster  Lsssies. 
Vp  the  Ladder. 

Diok's  Hero;  and  other  Stories. 
The  Chip  Boy. 
BsCTlos.     Biggies,     and     the 

Jnnperor. 
Hoses  nrom  Thorns. 
out   Books  for   Young  People. 


The  Tonng  Berringtooa. 

Jeff  and  JjoL 

Tom  Morris's  Xrror. 

Worth  more  than  Gold. 

**  Through  Flood— Thron#h  Vfrst** 

and  other  Stories. 
The  Girl  with  the  Golden  Xioeks. 
Stories  of  the  Olden  Time. 
By  Popular  Authors.      With  Four 


Original  Illustrations  in  each.    Cloth  gilt,  is.  6d.  each. 


The  Boy  Hxuiters  of  Bentuoky. 
By  &lward  S.  EOls. 

Bed  Feather:  a  Tale  of  the 
Amerioan  Frontier.  Bf 
Edward  S.  HDis. 

fieeking  a  QLty. 

Bhoda*8  Beward;  or,  **Zf 
Wishes  were  Horses." 

Jaok  Marston's  Anchor.     

Frank's  Iiifl»-Battie ;  or.  The 
Three  Friends. 

Fritters.    By  Sarah  Pitt. 

The  Two  HardoasUes.  By  Made- 
line Bonaria  Hunt. 


Cassell'ti  Two-Shilling  Story  Books.    Illustrated. 


Major  Monk's  Motta     By  the  Rev. 

F.  Lanffbridge. 
Trlxy.    By  Maggie  Symington. 
Baas  and  Balnbowa:    A  Story  of 

Thanksgiving. 
Vnele  William's  Charges;  or,  The 

Broken  Trust. 
Pretty  Pink's  Porposs;    or.  The 

Xiiltle  Street  Merchants. 
Tim  Thomson's  TrtaL    By  Georg-; 

Weatherly. 
TTrsula's  StumhUng-Blook.    ByJuUa 

Goddard. 
Bath's    Life-Work.     By  ths  Rev. 

Joseph  Johnson. 


Stories  of  the  Tower. 
Mr.  Burke's  Nieces. 
May  Cunningham's  Trial. 
The Topofthe Zjadder : How  to 

Beach  it, 
Uttle  Flotsam. 
Madge  and  Her  Friends. 
The  Children  of  the  Court. 
Maid  Maxjoiy. 
Psffgy*  and  other  Tales. 


The  Four  Cats  of  the  Tippsrtons. 

Marion's  Two  Homes. 

Little  Folks'  Sunday  Book. 

Two  Fourpenny  Bits. 

Poor  Nelly. 

Tom  Heriot. 

Through  Peril  to  Fortune. 

Aunt  Tabitha'tt  Walfik 

In  Mlsohlef  Again. 

School  Girls. 


SeUeHons  from  Cassetl  #  Company* t  Publications 


Bou^ld  IB 


Vor  Qu«eii  and  Xing; 
Bsther  Wmc 
TIire«  Homes. 
Working  to  Win. 
Perils    Afloat   and   Briganda 
Aahore. 


Cheap  Editions  of  PopuUr  Volumes  for  Youn^  People, 
cloth,  gilt  edges,  as.  6d.  each. 

In  Quest  9t  Gtoldt  or,  Under 

the  Wbsnva  Falls. 
On   Board   the  Esmeralda;    or, 

Martin  liOigh's  Log. 
The    R'manoe    of  Invention: 

Vignettes  from  the  Annals 

oflndnstry  and  Soienoe. 

The  "Deerfoot**  Series.    By  Edward  S.  Ellis.    With  Fonr  full-page 
Illustrations  in  each  Book.    Cloth,  bevelled  boards,  as.  6d.  eadi. 

The  Hunters  of  the  Osark.  I_   The  Camp  in  the  Mountains. 
The  Irfuit  Wsr  Trail. 

The  "  Log  Cabin  "  Series.    By  Edward  S.  Ellis.    With  Four  Full< 
page  Illustrations  in  each.    Crown  8vo,  cloth,  as.  6d.  each. 

The  Zjoat  Trail.  |  Camp-Fire  and  Wigwam. 

Footprints  in  the  Forest. 


The  ** Great  River"  Series.      By  Edward   S.    Elus. 
Crown  8vo,  cloth,  bevelled  boards,  as.  6d.  each. 

Down  the  MisslssippL  I  Lost  in  the  WUds. 

XJ-p  the  Tapsjos :  or,  Advwtnres  in  BrssiL 


Illustrated. 


The  "  Boy  Pioneer  "  Series.    By  Edward  S.  Ellis.    With  Four  Full- 
page  illustrations  in  each  Book.    Crown  8vo,  cloth,  as.  6d.  each. 

Ned  in  the  Woods.    A  Tale  of    I    Ked  on  the  Biver.    A  Tale  of  Indian 
Eariy  Days  in  the  West.  |  River  Warfare. 

Ned  in  the  Blook  House.    A  Story  of  Pioaeer  Life  in  Kentucky. 

The  **  World  in  Pictures."     Illustrated  throughout,    as.  6d.  each. 


A  Bamble  Bound  Franoe. 
All  the  Busslas. 
Chats  about  Germany. 
Ihe   Iicuid    of   the    Pyramids 
(Bgypt). 


Peepa  into  China. 


The  Baatem  Wonderland  (JapsaX 
Olimjwes  of  South  Amenoa. 
Round  Ainoa. 

The  Ijand  of  Temples  (India). 
The  Isles  of  the  Paoillo. 


Half- Crown  Story  Books. 

liittle  Binges. 

Mai'garet's  Bnemy. 

Pen's  Perplexiilea. 

Notable  fifhipwrecks. 

Golden  Dasrs. 

Wonders  of  Common  Things. 

Books  for  the  Little  Ones. 

Bhymes  for  the  Young  Folk. 
By  William  AQingliani.  Beauiiftally 
Illustrated.    as.6d. 

1  he  History  Borap  Book;  With 
nearly  i.ooo  Engraving;*.  6s.; 
doth,  7s.  ed. 

The  Pilgrim's  Progress.  8s.  ed. 


Truth  will  Out. 

Soldier  and  Patriot  (George  Wash- 
ington). 

The  Young  Man  in  the  Battla  of 
Ziift.    By  the  Rer.  Dr.  Laadds. 

At  the  South  Pole. 


My  Diaiv.    "WXih  la  Cotowed  Flatei 

and  366  Woodcuts,    la. 
The   Sunday    Sorap    Book.     WUli 
Several  Hundred  Illustrattons.   Paper 
boards,  Ss.  Od. ;  cloth,  gilt  edges.  6a. 

The  Old  Fsiry  Talea.  WtthOrieinal 
Illustnitions.  n«>>rf«  1^.  cjoth. 
ls.ed.  ^^ 


• 


CaaseU  ft  ComiMUiy's  Complete  Catalogue  wiii  h*  mm/  ^oH 

frt€  <m  ap^licati»m  to 


CASSELL  &  COMPANY,   Limitbd,  Lud^aU  ffiU,  Undom. 
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This  book  should  be  returned  to 
the  Library  on  or  before  the  last  date 
stamped  below. 

A  fine  of  five  cents  a  day  is  incurred 
by  retaining  it  beyond  the  specified 
time. 

Please  return  promptly. 
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